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INTRODUCTION
Yeasts of the genus Malassezia are unique among the fungal kingdom as the only species to form part of the normal human cutaneous commensal flora. In addition, Malassezia species are able to cause several cutaneous diseases, systemic disease in suitably predisposed humans, and dermatitis in a wide range of animals. Thus, they exist at the very interface between commensal and pathogen and, as such, their interaction with the human immune system is of great interest.
History
The study of the genus Malassezia has been dogged by controversy since it was first described in 1846 by Eichstedt (118) . Dissent has occurred over when the organism was first grown, the optimal culture medium, the relationship between the different morphological and colonial variants of the organism, the genus to which it should be assigned and with what name, and the role it plays in a variety of cutaneous diseases.
Despite being described in 1846, the first successful isolation of the organism is generally accepted to be by Panja in 1927 (324) , although several previous authors claimed to have grown the organism in vitro (83, 114, 233, 282) . The difficulty in culturing the organism was explained by Benham in 1939, when she observed the need for a "fatty substance" in the growth medium (45) . Once this lipid requirement had been established, it paved the way for the formulation of various culture media that could reliably recover and maintain the organism (135, 245, 288, 325, 444, 445) , enabling work on the taxonomy, physiology, and biochemistry of the genus to be undertaken.
Taxonomy
The taxonomy and nomenclature of Malassezia species has been confused and chaotic until very recently. Malassezia species are dimorphic, existing in both yeast and mycelial phases, and this confounded much of the early work on the organism, since many people believed that the yeast and mycelial forms were distinct organisms, reflected by their inclusion in two separate genera: Pityrosporum for the yeast form and Malassezia for the mycelial form. Additionally, the yeast cell shape is variable and several groups considered the two yeast cell shapes to be separate species: Pityrosporum orbiculare, having round cells, and Pityrosporum ovale, having oval cells.
Eichstedt (118) was the first to describe the fungus associated with lesions of pityriasis versicolor (PV) in 1846, but no name was given to it until 1853, when Robin designated it "Microsporon furfur" (367) . Since then it has also been placed in the genera Cryptococcus (363) , Saccharomyces (56) , Pityrosporum (381) , Dermatophyton (114) , and Monilia (452) . Sabouraud was the first person to suggest that the yeast and mycelial forms might be related (381) , but it was not until 1927 that Panja classified them within the same genus (324) . The first official taxonomic classification placed them in the genus Pityrosporum and defined two species-P. ovale and P. pachydermatis, associated with animals (260) . Gordon then added another species, P. orbiculare, differentiating this species on the basis of its round cell shape (159) . By 1970, three species were recognized, P. ovale, P. orbiculare, and P. pachydermatis, and although it was accepted that there was a relationship between the yeast form and the mycelial form, conversion between them had never been demonstrated and so the two distinct genera were maintained (407) . This situation was finally resolved in 1977, when three independent groups succeeding in inducing the yeast to produce hyphae in vitro (115, 303, 383) . Using a variety of culture conditions, they produced hyphae that were indistinguishable from those on strains seen on patients suffering from PV. It was also observed that both the round and oval yeast forms could produce hyphae, and this led to the suggestion that the round and oval yeast forms and hyphae were simply stages in the life cycle of a single organism (383) . The ability to induce the yeast to form mycelial elements paved the way for the unification of the two genera in 1986, with the acceptance of the species names Malassezia furfur (Robin) Baillon (including P. orbiculare, P. ovale, and M. furfur) and Malassezia pachydermatis (including P. pachydermatis) (79) . Despite this, many workers maintained the use of the names P. ovale and P. orbiculare and continued to differentiate strains on the basis of cellular and colonial morphologies (128, 288, 402) . In 1990, Simmons and Gueho defined another species, M. sympodialis, on the basis of its lower GϩC content (54% compared with 66% for M. furfur) and the presence of sympodial budding (402) . Cunningham et al. differentiated three serovars of M. furfur, A, B, and C, which had culture and morphological differences that corresponded to serological differences determined by cell surface antigens (101) .
Thus, in the early 1990s the taxonomy of the genus Malassezia was still chaotic, with different groups tending to favor their own classification scheme, resulting in an inability to compare work carried out by different groups. This chaos was finally resolved with a seminal publication in 1995 by Guillot and Gueho (170) . They assembled 104 isolates of Malassezia species encompassing all the different classifications favoured by different groups and carried out sequencing of the large-subunit rRNA and nuclear DNA complimentarity studies. On the basis of their results, they defined, and later named, seven species of Malassezia: M. furfur, M. sympodialis, M. obtusa, M. globosa, M. restricta, M. slooffiae, and M. pachydermatis (167) . These currently accepted species and their corresponding names in other classifications are shown in Table 1 . Several subsequent molecular studies have confirmed this classification and taxonomic grouping (173, 207, 267) . The characteristics of the different species are summarized in Table 2 .
Because of the reclassification of the genus Malassezia and the definition of four new species, a great deal of the work which has already been done will have to be repeated. Although some studies used well-characterized strains that were deposited in culture collections and so can now be reclassified into the new species, many used clinical strains that were not stored, so it is not known how they relate to the new species. Therefore, much of the work reviewed here still cannot be interpreted in the context of the currently accepted species. A further problem noted recently is that there may not always be a direct correlation between the new species and strains classified by previous methods. Saadatzadeh et al. (379) found that strains of Malassezia classified as M. furfur serovar A, which should correspond to M. sympodialis, did not always do so. Therefore, the assumption that M. furfur serovars A, B, and C are synonymous with M. sympodialis, M. globosa, and M. re-stricta, respectively, may not always be true, and unless the specific strains used in previous studies have been tested and reclassified into the new taxonomic divisions, a direct relationship between strains from old and new classifications cannot be assumed. This problem is further highlighted by the strains deposited in culture collections. Strain 42132 from the American Type Culture collection was originally deposited as P. orbiculare (synonymous with M. globosa) but has been used by many workers as M. furfur, so it remains unclear in which of the new species this organism should be placed. Widespread acceptance and usage of the new classification and use of the new species names is desirable if this situation is to be resolved.
Structure, Physiology, and Biochemistry
Malassezia is able to exist in both yeast and mycelial forms, with the yeast being most commonly associated with normal skin. The yeast form also predominates in culture, although hyphae may be seen with some species (167, 288) . Several groups have succeeded in inducing mycelial formation in vitro using a variety of media (115, 303, 383) , although not all isolates of Malassezia are able to undergo this transformation (379) . Malassezia species undergo asexual reproduction by monopolar, enteroblastic budding from a characteristic broad base. The mother and daughter cell are divided by a septum, and the daughter cell separates by fission, leaving a bud scar or collarette through which successive daughter cells will emerge (7) .
The cell wall of the genus Malassezia is poorly characterized. It is very thick in comparison with other yeasts (about 0.12 m) and constitutes 26 to 37% of the cell volume (214) . The major components of the cell wall are sugars (ϳ70%), protein (ϳ10%), and lipids (15 to 20%), with small amounts of nitrogen and sulfur (181, 439) . Several workers suggested that the cell wall consisted of two layers (39, 67, 213) with indentations on the inner layer, while other workers have found multiple layers within the wall (401, 426) . The most recent work on the cell wall has confirmed the presence of multiple layers, although two main layers were noted, which may explain the previous reports (293) . This study also demonstrated the presence of an outer lamellar layer around the cell wall, which had previously been mentioned by other workers (234, 472) but never investigated. The lamellar layer was "membrane-like" with an electron-transparent middle enclosed by two electrondense lines. The structure of the layer varied with different lipid sources in the medium and stained with Nile blue sulfate, suggesting that it contained lipid. The lamellar layer may play a role in adhesion of the organism to both human skin and indwelling catheters (293) . The cytoplasmic membrane adheres closely to the inner surface of the cell wall and follows the indentations present (39, 293, 426, 468) .
The number and shape of the mitochondria in each cell may vary (39) , differing between the round and oval cell shapes (214) . The nucleus has a well-defined limiting membrane (39) surrounded by a granular homogenous nucleoplasm. Vacuoles present in the cell contained lipid and varied in size according to the age of the cell (39) .
The physiology of Malassezia species is poorly understood because problems with reliably culturing and maintaining the organism have hindered progress in this area. As early as 1939, Benham noted that Malassezia was unable to ferment sugars (45) . The organism can use lipid as the sole source of carbon (301) , does not require vitamins, trace elements, or electrolytes (279) , and preferentially uses methionine as the sole sulfur source, but it can also use cystine or cysteine (71) . It is able to use many amino acids, as well as ammonium salts, as nitrogen sources (279) . Although the organism is normally grown in vitro under aerobic conditions, it is also able to grow under microaerophilic and anaerobic conditions (133) .
The growth requirement of Malassezia for lipid was first noted in 1939 but was not studied in detail until Shifrine and Marr demonstrated the inability of the organism to form longchain fatty acids due to a block in de novo synthesis of myristic acid, requiring the addition of preformed fatty acids (395) . Subsequent work showed that the addition of most fatty acids with a carbon chain length greater than 10 supported growth and that it did not matter whether odd-or even-numbered carbon chain lengths were used (469) . The lipid source used during growth affects the fatty acid composition of the organism, suggesting that the fatty acids are not used as energy sources but, rather, are incorporated directly into cellular lipids without being further metabolized (80) . Wilde and Stewart further found that the lipids present on normal human scalps were able to fulfil the lipid requirement of the organism (469) .
Malassezia species elaborate a range of enzymes and metabolites. They have lipolytic activity both in vitro (301, 459) and in vivo (85, 272) , indicating the production of a lipase. The lipase is located in the cell wall and/or membrane sites in the cytoplasm (85, 349) . Ran et al. (349) found that the pH optimum was 5.0 and that lipase production was greatest during the logarithmic phase of growth, perhaps demonstrating its importance in the hydrolysis of lipids for cell growth. In contrast, Plotkin et al. (339) found the pH optimum to be 7.5 but also found that lipase activity was greatest during active cell growth and correlated with substrate concentration. They concluded that there were at least three separate lipases in Malassezia which were essential for cell growth. Mayser et al. (277) studied the lipolytic activity of Malassezia on fatty acid esters and found that it had only minor substrate specificity, with the degree of hydrolysis being determined by the alcohol moiety. In vitro, Malassezia species also produce a phospholipase (360) . This phospholipase activity is able to cause the release of arachidonic acid from HEp-2 cell lines (338) . Since arachidonic acid metabolites are involved in inflammation in the skin (164) , this has been suggested as a mechanism by which Malassezia species may trigger inflammation. Malassezia species produce an enzyme with lipoxygenase activity, as demonstrated by its ability to oxidize free and esterified unsaturated fatty acids, squalene, and cholesterol (304) . The resultant production of lipoperoxides may damage cell membranes and consequently interfere with cellular activity-a mechanism that has been proposed to cause the alterations in skin pigmentation associated with PV (108) . Cultures of Malassezia produce a characteristic "fruity" smell, first described by Van Abbe (445) . Gas chromatographic-mass spectrometric analysis of the gas from the culture headspace of Malassezia grown in lipid containing medium showed it to consist of volatile gamma lactones. This characteristic was unique to Malassezia and was suggested as a possible way to differentiate this genus from others (240) . Another metabolite produced is azelaic acid, a C 9 dicarboxylic acid. It is produced when Malassezia is grown in the presence of oleic acid and is a competitive inhibitor of tyrosinase, an enzyme involved in the production of melanin (302) . In addition to having antibacterial (190, 242) and antifungal (65) activity, azelaic acid inhibits the proliferation of several tumor cell lines (331) and decreases the production of reactive oxygen species in neutrophils by inhibiting cell metabolism (9) .
phases. Sternberg and Keddie (418) made use of sera from patients with PV to examine the cross-reaction between M. furfur and P. orbiculare. Using tape strips of M. furfur from PV lesions and smears of P. orbiculare from cultures, they obtained fluorescence of "equal brilliance" when the serum was applied to the cells. From this, they concluded that the yeast and hyphal forms had common antigens. In 1979, further antigenic comparison of P. ovale and P. orbiculare was carried out (432) . Rabbit antiserum to P. orbiculare was tested against soluble antigenic extracts prepared from both P. ovale and P. orbiculare in the Ouchterlony diffusion test. The reaction between the antiserum and the antigens yielded three bands for P. orbiculare and two bands for P. ovale. The two bands with P. ovale were lines of identity to two of the bands to P. orbiculare, suggesting that there were at least two common antigens. The anti-P. orbiculare antiserum was then labelled with fluorescein isothiocyanate and used in immunofluorescence studies against P. ovale and P. orbiculare, where identical staining was observed. When M. furfur from lesions was tested, staining was also positive and could be removed by absorbtion of the antiserum with cells of either P. ovale or P. orbiculare. Thus, antigenic identity was suggested for P. ovale, P. orbiculare, and M. furfur. A similar study was carried out by a second group of workers, examining the antigens of 18 P. ovale strains (463) . Antisera were raised against three strains of P. ovale and tested against antigenic preparations from P. ovale and P. orbiculare by immunodiffusion. Two lines of identity were again noted for the two organisms. Chemical analysis of the antigenic preparations revealed no protein but large amounts of carbohydrate. Purified immunoglobulin G (IgG) fractions of antisera to P. ovale and P. orbiculare were also shown to react with cultured P. ovale and P. orbiculare and cells from PV lesions in a study by Faergemann et al. (138) .
Quantitative immunoelectrophoretic techniques in one study revealed up to 63 antigenic components in Malassezia but failed to reveal any significant antigenic differences between P. ovale and P. orbiculare (72) . Thus, by 1984, several studies had confirmed the antigenic identity of P. ovale, P. orbiculare, and M. furfur, lending support to the idea that they were all stages in the life cycle of the same organism. However, Midgley (288, 289) used immunoelectrophoresis and an enzyme-linked immunosorbent assay (ELISA) to study various morphological variants and found some antigens specific for the different species and forms that she defined. Takahashi et al. (428) also found three group-specific soluble antigens, using double diffusion, in three variants of Malassezia that were differentiated on the basis of cell shape and metabolic differences.
In 1986, the weight of evidence led to the unification of the different morphological forms within the species M. furfur (79) . However, the ability to grow very distinct colony variants from the same site on human skin led workers to define three serovars of M. furfur (101) . The serovars, designated A, B, and C, were distinguished on the basis of growth characteristics, colony morphology, and specific surface antigens. Production of antisera to the three colonial forms and absorbtion with homologous and heterologous strains indicated the presence of both serovar-specific and common surface antigens. Recent molecular work describing the six lipophilic species of Malassezia confirms that stable variants do exist within the genus and that they are sufficiently different to be classified as separate species. The finding that the three serovars of Malassezia and the variants defined by Midgley represent distinct species confirmed the validity of their differentiation.
The capacity of Malassezia species to stimulate the immune system is well documented, but its antigenicity in comparison to other organisms has not been well studied. Sohnle and Collins-Lech (410) examined four antigenic extracts from Malassezia and Candida albicans and compared their ability to stimulate the immune system using the lymphocyte transformation (LT) assay or skin tests. They found that 20 to 100 times more extracted protein from Malassezia than C. albicans was required to stimulate the cellular immune response in the assays. The protein content of the preparations was similar for the two organisms, and they suggested that Malassezia was less antigenic than C. albicans. This limited antigenicity was proposed as a reason for the lack of inflammation seen in PV.
Recently, work has been undertaken to analyze the antigens present on the mycelial phase of Malassezia (380) . The mycelial phases of two strains were induced, and antisera were raised to yeast-mycelium mixtures. Absorbtions with homologous and heterologous yeast and mycelial cells were carried out to obtain antiserum specific to the mycelial phase. Antigens common to both the yeast and mycelium were demonstrated, but all the antigens on the mycelium were present on the yeast. Thus, mycelium-specific antigens were not found. The serovarspecific antigens present on the yeast cells were not present on the mycelia, and so the mycelia did not have any phase-specific antigens, at least not on the cell surface.
Analysis of the Antigens Present in Malassezia
Although many early studies attempted to examine serological relationships in Malassezia, it is only more recently that detailed studies of the antigenic composition of the organism have been carried out. Sera from patients with Malasseziaassociated diseases have been used to perform immunoblots on antigenic preparations of Malassezia that have been electrophoresed to separate out antigens by molecular mass. In this way, the molecular masses of over 80 antigens of minor or major importance have been defined in Malassezia (192, 200, 204, 256, 312, 385) . Major antigens are defined as those where more than 50% of patients' sera bind in immunoblots, although the number of sera tested and the patients from which they was collected varied from study to study. The antigens of Malassezia are shown in Table 3 .
Of the multitude of antigens described, a limited number have been further studied and characterized. In 1997, the first major antigen of Malassezia, Mal f 1, was sequenced and expressed (388) . The cDNA, of 1,176 bp, coded for a protein with a calculated molecular mass of 36 kDa, with a 22-amino-acid leader peptide. The antigen was thought to correspond to the 37-kDa protein found by various groups using immunoblotting (192, 486) . The cDNA sequence data showed no similarity to other known sequences. However, the presence of a hydrophobic region at the N terminus may indicate that the protein is a membrane or secreted cell wall protein (388) . The finding of a 37-kDa antigen on the cell surface, but not within cells of Malassezia (487) , would support this conclusion. The reactivity of recombinant Mal f 1 was compared with the native protein in immunoblotting and radioallergosorbent tests (RAST) (489) . Although there were minor variations depending on the protein expression system used, the recombinant Mal f 1 retained its reactivity in both assays, suggesting that it contained most of the epitopes present in the native protein.
The next two antigens to be characterized, Mal f 2 and Mal f 3, were found to have masses of 21 and 20 kDa, respectively, under reducing conditions (480) . Under nonreducing conditions, the masses were 42 and 40 kDa, respectively, suggesting that the antigens were dimers of a single protein, linked by disulfide bonds. There was 51% sequence homology between Mal f 2 and Mal f 3, and they had homology to peroxisomal membrane proteins of Candida boidinii and an allergen of Aspergillus fumigatus. There was no sequence homology to Mal f 1.
Mal f 4, identified by two-dimensional polyacrylamide gel electrophoresis (PAGE) and immunoblotting, was cloned and sequenced (320) . The 315-amino-acid protein had a molecular mass of 35 kDa and showed 57% sequence homology to mitochondrial malate dehydrogenase from Saccharomyces cerevisiae. Sera from atopic dermatitis (AD) patients reacted with Mal f 4 in 83% of cases, indicating that it is a major antigen.
Mal f 5 has a molecular mass of 18.2 kDa and 57 and 58% sequence homology to Mal f 2 and Mal f 3, respectively (254) . Mal f 6, with a mass of 17.2 kDa, has 82% sequence homology to cyclophilin from Schizosaccharomyces pombe. Both recombinant proteins were able to bind sera from patients with AD. Three other proteins, with masses of 21.3, 14.4, and 9.7 kDa, were also cloned and expressed. They did not have sequence homology to any known protein and may be incomplete cDNA clones, although the recombinant proteins from them were reactive in immunoblots. Subsequent work, using full-length cDNA clones, resulted in the description of three more antigens, Mal f 7, Mal f 8, and Mal f 9 (351) . Mal f 7 encoded a protein of 141 amino acids (16.2 k Da), Mal f 8 encoded a protein of 179 amino acids (19.2 k Da), and Mal f 9 encoded a protein of 126 amino acids (14.0 k Da). None of the proteins had sequence homology to any known proteins, and the recombinant proteins reacted with sera from patients with AD in immunoblots.
An antigen recently characterized from M. globosa with a molecular mass of 46 kDa was found to be a major antigen, reacting with 69% of sera from patients with AD (230) . The antigen reacted with concanavalin A in lectin blots, indicating that it was a glycoprotein. A 67-kDa antigen was also noted, that was probably a protein.
From the work reviewed above, several conclusions are apparent. First, different groups have defined a variety of antigens, ranging from low-to high-molecular-mass proteins and also high-molecular-mass carbohydrates. Second, many of the antigens have similar masses and may be identical, differing simply in the accuracy with which the mass could be assigned. While some workers have found bands of certain masses difficult to distinguish (204) , others have stated that bands could be distinguished in 1-kDa intervals, especially in antigens of Ͻ50 kDa (256) . Third, as already mentioned, many workers have used immunoblotting to define antigens. This is generally effective at demonstrating the presence of proteins but may be less so at demonstrating carbohydrates, either because they do not enter the sodium dodecyl sulfate (SDS) gel or because they produce diffusely stained bands. Hence, while many protein antigens have been described, with the consequent assumption that proteins are the most important antigens (200) , other workers have disputed this finding. Several investigators found that mannan or other high-molecular-mass polysaccharides are also important antigens (111-113, 256, 385) . A seminal paper by Zargari et al. (486) may be key to understanding the relative importance of protein and carbohydrate antigens in Malassezia. These investigators made a variety of preparations of Malassezia, using different culture media, strains, incubation temperatures, durations of incubation, and extraction procedures. These preparations were separated on SDS gels and blotted with four sera from AD patients and two monoclonal antibodies, one specific to a 37-kDa antigen and the other specific to a 67-kDa antigen of Malassezia. The protein and carbohydrate content of the preparations were determined. Several important conclusions were drawn. First, the use of solid or liquid culture media to grow the organisms had little effect on the antigens present. The most important variable was the duration of culture. The number of protein antigens decreased with increased length of culture, from the presence of a wide range of proteins at 48 h to cultures in which most proteins were lost, after 4 days or more. A 37-kDa protein antigen was found to be maintained the longest. In contrast, the carbohydrate antigens were found to remain at relatively constant levels over the 21-day culture period. Therefore, the length of culture will have a significant effect on the antigens present in Malassezia and may alter the apparent importance of the protein and carbohydrate antigens found in various studies. Another important finding is that the stability of antigens varies (258) . Solutions of antigens, to be used for skin testing, were stored at different temperatures and under different conditions, and their antigenic composition was then tested by immunoblotting. The major antigens studied were the 9-, 20-, and 96-kDa proteins and mannan. Most of the IgE binding components were labile at room temperature or higher temperatures and were degraded after 1 month of storage. Addition of 50% glycerol, a widely used stabilizer, had little effect on their longevity. However, storage at 4°C preserved most of the antigens, some of them for up to 1 year.
Malassezia therefore appears to be an antigenically complex organism, which alters the antigens expressed throughout its growth cycle. In addition, different strains possess diverse antigens and different methods of extraction release different antigens (200) . However, in conclusion, both protein and carbohydrate antigens are likely to be important in Malassezia, although the proportion of each may vary during the growth cycle. The protein antigens are likely to be cell wall or cytoplasmic components that can easily be detected in immunoblotting and are present in the early phase of growth. The carbohydrate antigens, probably mannans or mannoproteins, are less easy to detect by immunoblotting and are maintained throughout the growth cycle. The identification and characterization of nine defined antigens of Malassezia are important steps in our understanding of the antigenic composition of this yeast.
NONSPECIFIC IMMUNITY AND IMMUNOMODULATION BY MALASSEZIA

Activation of the Complement Cascade
The complement system, consisting of over 30 proteins, is important in both specific and nonspecific immunity. Activation can occur via two pathways, the classical (mediated by immune complexes) and alternative (mediated by yeast or bacterial cells) pathways, and can result in lysis of certain bacteria and viruses, opsonization, and inflammation (33) . The importance of complement in the opsonisation and phagocytosis of many fungi, including C. albicans (414) , Aspergillus (232) , and Cryptococcus (107) , has been demonstrated. Several groups have reported the ability of Malassezia to activate the complement system, via either the alternative pathway (43, 412, 422) or the classical pathway (422) . The extent of activation of the alternative pathway was cell concentration and time dependent, reaching a plateau after 30 min (422) . None of the investigators determined the molecule responsible for triggering the alternative pathway, but ␤-glucan in the cell wall may be involved (422) . Activation of the classical pathway was also found to be cell concentration and time dependent, with greater activation by heat-killed cells than living cells (422) . This ability to activate complement has been suggested as a mechanism responsible for the inflammation associated with seborrheic dermatitis (SD). The proteins involved in the initial steps of the alternative complement pathway are known to be present in the skin (117) , and complement-mediated inflammation is associated with many dermatoses, including bullous pemphigoid (198) , acne vulgaris (390) , and psoriasis (410) . Immunohistochemical studies of SD have found that deposits of C3 are present in the lesions, localized solely around the collections of Malassezia cells, and are absent from uninvolved skin (334) . Therefore, complement may be involved in the inflammation associated with SD, but it has not been documented in lesions of PV (152) .
Phagocytosis of Malassezia
Phagocytosis of microorganisms is an important nonspecific immune mechanism for their removal. Its importance in protection against fungal infections is highlighted by the increased susceptibility of neutropenic patients to many mycoses (370) .
There is limited information available about phagocytic uptake and killing of Malassezia. In vitro, neutrophils take up Malassezia in a complement-dependent process, which plateaus after 40 min (358) . After 2 h of internalization, only 5% of the cells are killed, but this increases to 23% if the yeasts are pretreated with ketoconazole. The ability of neutrophils to kill Malassezia seems limited. In contrast, 30 to 50% of C. albicans yeast cells (86) and up to 80% of the cells of other fungal genera (299) are killed by neutrophils. The mechanisms by which Malassezia may resist or prevent phagocytic killing are discussed below.
The receptors involved in phagocyte-yeast cell binding have been characterized in a human monocytic cell line as the mannose receptor, ␤-glucan receptor, and complement receptor type 3 via the alternative complement pathway (423) . Uptake of heat-killed Malassezia yeast cells was more efficient than that of live Malassezia yeast cells, although the reason for this is unknown. Recently, it has been reported that when a monocytic cell line, THP1, was stimulated with either live or heatkilled Malassezia, the production of interleukin-8 (IL-8) was increased, while stimulation of a granulocytic cells line, HL-60, resulted in increased levels of both IL-8 and IL-1␣ (424) . Opsonized and live Malassezia yeast cells were more stimulatory than were nonopsonised or heat-killed Malassezia yeast cells. The effects of IL-1␣ include the activation of lymphocytes, chemotaxis and activation of neutrophils and induction of inflammation (33) . IL-8 also induces chemotaxis and activation of neutrophils and T cells. Therefore, the interaction of Malassezia with phagocytic cells may serve to amplify the inflammatory response and encourage further recruitment of phagocytic cells.
Within the skin, Langerhans' cells are able to take up antigen and then present it to T cells, providing a link between nonspecific immunity and the specific immune response. Using monocyte-derived dendritic cells, Buentke et al. (73) recently demonstrated that whole cells of Malassezia, mannan, and an allergen, r Mal f 5, were taken up more effectively by immature dendritic cells than by mature cells. Significantly more uptake occurred at 37°C than at 4°C, indicating an active process, and IgE-mediated uptake was excluded. The uptake of the whole cells and mannan was inhibited by methyl-␣-D-mannopyranoside, indicating involvement of the mannose receptor, while uptake of the nonglycosylated r Mal f5 was by pinocytosis.
Immunomodulation by Malassezia
One of the first studies to demonstrate the ability of Malassezia to modulate the immune system was carried out by Takahashi et al. (429) . Different amounts of live or heat-killed suspensions of Malassezia were injected intraperitoneally into mice on various days before they were challenged intraperitoneally with Salmonella enterica serovar Typhimurium. In all cases, pretreatment with even small amounts of Malassezia resulted in some resistance to infection, but maximal benefit was observed if the mice received Malassezia 4 days before the challenge with serovar Typhimurium. Injection of Malassezia resulted in increased numbers and bactericidal activity of intraperitoneal macrophages, indicating that macrophage upregulation was the protective mechanism against subsequent bacterial challenge. The protection was comparable to that induced by Propionibacterium acnes, a known stimulator of the reticuloendothelial system. Two years later, the same group studied the ability of Malassezia to protect mice against challenge with tumor cell lines (430) . Pretreatment with Malassezia significantly enhanced survival of the mice when they were challenged with a tumor cell line. The protection was due to stimulation of the macrophages to produce oxygen intermediates. Therefore, these studies demonstrate that Malassezia is able to upregulate phagocytic cells and thus provide enhanced protection against bacterial and tumor cell challenge in animals.
In contrast to these findings, a study by Walters et al. (458) demonstrated that Malassezia was also able to downregulate the immune system. Various preparations (formalized whole cells, culture supernatant, and a cellular fraction) of Malassezia serovar B (synonym, M. globosa) were coincubated with keratinocytes or peripheral blood mononuclear cells (PBMC), and release of IL-1 was determined at various time points. The levels of IL-1␤ released by PBMC coincubated with formalized whole cells were significantly lower than those of the negative control. The authors suggested that this depression of IL-1␤ release might contribute to the lack of inflammation seen in diseases such as PV and help Malassezia to evade detection by the immune system.
A subsequent study (217) examined the effect of the three serovars of Malassezia on the production of IL-1␤, IL-6 and tumor necrosis factor alpha (TNF-␣) by PBMC. PBMC were isolated from four healthy volunteers and cocultured with formalized whole cells of the Malassezia serovars at different ratios (yeast cell-to-PBMC ratio ϭ 1:1, 10:1, and 20:1). The levels of IL-1␤, IL-6 and TNF-␣ were measured in the culture supernatants at 0, 24, and 48 h. PBMC were also cocultured with viable Malassezia cells at a ratio of 20 yeast cells to 1 PBMC, and cytokine levels were determined at 0 and 24 h. In general, although exponential-phase formalized Malassezia cells at some yeast-to-PBMC ratios stimulated increased cytokine production over background levels, stationary-phase cells caused no change or significantly depressed cytokine production at every ratio tested. Viable yeast cells of all three serovars of Malassezia also significantly depressed IL-1␤, IL-6 and TNF-␣ production.
A recent study examined the mechanisms by which this depression of cytokine production by PBMC might be mediated (216) . Stationary-phase Malassezia cells were treated with solvents to remove some of the lipid present in the cell wall and the capsule-like layer around the cells. Untreated and solventtreated cells were then cocultured with PBMC at a ratio of 20 yeasts to 1 PBMC, and cytokine levels in the culture supernatants were determined after 24 h. PBMC cocultured with solvent-treated Malassezia produced amounts of IL-1␤, IL-6 and TNF-␣ that were similar to or significantly greater than constitutive levels. Thus, the removal of lipid from Malassezia ablated its ability to suppress cytokine production by PBMC, and so the lipid in the cell wall and capsular-like layer may be responsible for the lack of inflammation associated with Malassezia in its commensal state.
This ability of Malassezia species to downregulate the production of proinflammatory cytokines is in marked contrast to the effects of most other organisms. Gram-negative bacteria are known to cause overproduction of TNF-␣, IL-1, and IL-6, both in vitro and in vivo. This is primarily the cause of septic shock in gram-negative infections and is mediated by lipopolysaccharide (442) . Cell wall preparations of gram-positive bacteria, consisting mainly of teichoic acid and peptidoglycan, have also been shown to induce the synthesis of TNF-␣ and IL-6 by monocytes (187) . C. albicans induces TNF-␣ and IL-6 production by human monocytes (201) and arachidonic acid release from alveolar macrophages (84) . Viable C. albicans cells preferentially induce TNF-␣, while heat-killed cells preferentially induce IL-1 (201) . Aspergillus fumigatus hyphae and conidia also induce the production of IL-1 and TNF-␣ from mouse macrophages, but in contrast to C. albicans, viable and nonviable organisms do not differ in their effects (433) . From this, it can be seen that the effects of Malassezia on cytokine production by mononulear cells appear to be atypical in comparison to most organisms. Malassezia, however, does have similarities to another pathogenic fungus, Cryptococcus neoformans. The effects of C. neoformans on cytokine production by phagocytes are variable, depending on the presence of the polysaccharide capsule. Acapsular mutants induce significant levels of TNF-␣ and IL-1 (449) , while the presence of the polysaccharide capsule downregulates this effect (96) . In many ways, this parallels the effects documented with Malassezia, with the lamellar layer downregulating the production of proinflammatory cytokines in much the same way as the capsule of C. neoformans does.
As discussed above, phagocytic killing of Malassezia is a very inefficient process, with only 5% of internalized cells killed after 2 h (358). One possible reason for this limited killing ability of phagocytes may be the production of azelaic acid by Malassezia. Akamatsu et al. (9) examined the effects of azelaic acid on chemotaxis, phagocytosis, and production of reactive oxygen species by neutrophils. They found that chemotaxis and phagocytosis were not affected by azelaic acid, but that the production of O 2 Ϫ and OH ⅐ was decreased in a dose-dependent manner and H 2 O 2 production was also reduced. The effects were due to inhibition of cellular metabolism. Azelaic acid has also been shown to scavenge oxygen radicals (146) . At present it is not known if azelaic acid is produced in vivo, but it is interesting to speculate that if it is, it may well be involved in protecting the organism from the oxidative killing mechanisms utilized by phagocytes.
A recent preliminary report has also suggested that the lipids associated with the cell wall of Malassezia may be antiphagocytic and involved in protection against killing by neutrophils (H. R. Ashbee, Z. L. Alvarado-Alvarez, Z. Whitehead, and E. G. V. Evans, Proc. Fourth Congr. Eur. Confed. Med. Mycol., abstr. 5, 1998). Yeast cells that had been treated with solvents had significantly greater uptake by neutrophils, leading to an increase in nitroblue tetrazolium reduction, a measure of oxygen radical release. Therefore, the lipid-rich layer around Malassezia may have parallels with the capsule of C. neoformans, which is known to protect the organism against phagocytosis (231) . Although Malassezia cells on normal skin are unlikely to come into contact with professional phagocytic cells, neutrophils are present in the inflammatory infiltrates of SD (334) and macrophages are present within the infiltrate of PV (66) . Therefore, Malassezia may be exposed to phagocytic cells at certain times.
The apparently contradictory ability of Malassezia to either upregulate or suppress the immune response directed against it has only recently been studied in detail. Understanding how this immunomodulation occurs may well be key to understanding how species of Malassezia occur both as commensals and as pathogens.
COMMENSALISM
Distribution of Malassezia Species on Normal Skin
Malassezia species are members of the normal human cutaneous commensal flora and can be isolated from the sebaceous-rich areas of the skin, particularly the chest, back, and head regions (246, 364) . Many studies have examined carriage rates in different populations and different age groups. However, early studies often found low carriage rates due to the limitations in sampling techniques and culture media (264, 415, 435 ). An extensive study of the distribution of Malassezia species at various sites on adults was carried out by Leeming et al. (246) , using an optimized culture medium (245) and a sampling method known to recover 98% of the surface skin flora (470) . They examined clinically normal skin at 20 different sites over the entire body surface. Malassezia species were recovered from every subject from the chest, midline back, scalp, ear, and upper inner thigh. The highest mean population densities occurred on the chest, ear, upper back, forehead, and cheeks. Some differences in carriage rates were noted between females and males, with higher population densities from the lower trunk and upper thigh of males. Subsequent studies, using the same medium, have largely confirmed these findings (37, 229) . Bergbrant and Faergemann (48) found that the density of Malassezia species on the skin decreased with increasing age, which was probably due to a reduction in the level of lipid on the skin. Therefore, 30-year-old subjects had significantly greater numbers of Malassezia species than did any other age group from 40 to 80 years old. M. pachydermatis is occasionally isolated from human skin, but its presence is transitory and it is not a human commensal (37) .
Several recent studies have examined the distribution of the newly defined species of Malassezia on healthy adult human skin. The findings, summarized in Table 4 , vary significantly among studies, and there are two possible explanations for this. First, there are genuine differences in the distribution of species on the skin of individuals in different countries, and this has been previously suggested (290) . However, even the two studies carried out in Spain show very different results. A second explanation is that the use of swabbing, a nonquantitative and relatively insensitive method, is simply not able to produce the quantitative data needed to determine which species predominate at the different sites studied. Quantitative data on the distribution of the new species on human skin is therefore still awaited.
Colonization rates in children are the subject of some controversy. As with adults, the colonization rates reported are partly a reflection of the sensitivity of the sampling method and culture medium used. Particularly in young children or newborns, swabs may be the only practical sampling method available since more disruptive techniques are unethical. One study of 60 healthy children, who ranged from 2 months to 14 years of age, yielded no positive specimens for Malassezia (4). This contrasts with other studies that have found carriage rates of 74% on the scalp (313), 93% on the back (155), and 87% on the forehead (47) of healthy children. In general, carriage of Malassezia appears to increase around puberty, correlating with the increase in sebaceous gland activity seen at this time (100) .
The increasing recognition of Malassezia as a cause of catheter-related fungaemia in premature neonates has provided the impetus to study colonization rates in premature and fullterm neonates. The colonization rates recorded range from 37% (344) to 100% (247) in hospitalized neonates. Factors such as young gestational age (8, 29, 44, 344) , low birth weight (8, 344) , and extended periods of hospitalization (8, 29, 44, 344) may predispose to colonisation in this group. To date, however, no systematic survey of colonization rates has been undertaken in healthy newborns, for whom the picture remains unclear.
Skin Immune System
Malassezia is a cutaneous commensal, and thus its first point of contact with the immune system is likely to be via the skin immune system. The skin is the largest organ of the body and serves as the interface between the human host and the environment (60) . Its structure and the cells which occur in each layer are detailed in Fig. 1 . The skin is unusual because it is constantly exposed to a huge range of antigens, both from commensal and transient populations of microorganisms and also from those derived from the wider environment. Although for many years it was believed to be an inert barrier, the skin is now known to be a complex organ and functions as part of the immune system, playing a role in both nonspecific and specific immune responses.
Nonspecific immune responses. The skin has several facets which function as part of the nonspecific immune response. First, it acts as a physical barrier to infection. Intact skin is relatively resistant to most microorganisms, and it is generally only when breaches occur that they gain entry (427) . Second, the presence of a commensal flora on the skin is an important nonspecific immune defense. In addition to Malassezia species, normal skin will have a resident population of other organisms, principally bacteria, including staphylococci and propionibacteria (246) . These will compete for nutrients and space, limiting the population size of each group and also competing out pathogens that may attempt to colonize the skin. Finally, shedding of the cells of the epidermis occurs constantly, and the rate of shedding is increased during inflammation (52) . This shedding causes the loss of the microorganisms that are colonizing or infecting these cells and prevents invasion into the deeper layers of the skin. In addition to the barrier function of the skin and its commensal flora, phagocytic cells are important in the nonspecific cutaneous immune response. In skin diseases where significant inflammation occurs, neutrophils occur within the lesions and may lead to an accumulation of mononuclear cells in the dermis (455) . Phagocytic cells may then attack organisms by using either oxidative or nonoxidative mechanisms, leading to their removal (454) . Several organisms, including dermatophytes, Candida species, and propionibacteria, activate the alternative pathway of the complement cascade, causing the production of molecules with chemotactic activity for neutrophils (106, 353, 462) . In this way, neutrophils may be recruited into the skin by the presence of microorganisms.
Other factors involved in the nonspecific immune system of the skin are the lipids found on adult scalps and adult hair, which are fungistatic for certain dermatophytes (54) , fungicidal proteins present in the epidermis (210) , and the inhibitory effect of unsaturated transferrin on various fungi (23, 222) .
Specific immune responses. In addition to these nonspecific immune functions, the skin is involved in specific immune responses. The skin immune system consists of both cellular and humoral components. The cellular skin immune system includes keratinocytes, Langerhans' cells, mononuclear cells, mast cells, endothelial cells and T lymphocytes, while humoral components include complement proteins, IgG and IgA, and various cytokines.
The way in which antigens from the skin surface, including those from commensal organisms and superficial pathogens, elicit a specific immune response has been the subject of intense research, and a clearer picture of the mechanisms involved has now emerged (60-63, 396, 419, 420) . Langerhans' cells are bone marrow-derived dendritic cells that form a network within the epidermis and are capable of presenting antigen. Immature Langerhans' cells express low levels of major histocompatibility complex class II (MHC II) and are capable only of presenting antigen to primed T lymphocytes. Under the influence of TNF-␣ and granulocyte-macrophage colony-stimulating factor released by keratinocytes, Langerhans' cells that have processed antigen undergo maturation and migrate to the draining lymph nodes. Here they become potent immunostimulatory cells and prime antigen-specific T lymphocytes. Vascular endothelial cells, lining blood vessels present in that area of the skin, begin to express intercellular adhesion molecule 1, due to the release of IL-1 and TNF-␣ by keratinocytes. The primed T lymphocytes are then able to adhere to the endothelial cells and migrate out of the veins, via diapedesis, into the surrounding dermal tissue. Once in the dermis, the T lymphocytes secrete gamma interferon, which causes further expression of intercellular adhesion molecule 1 on the endothelial cells and increased MHC II expression on keratinocytes and Langerhans' cells. Macrophages are drawn into the skin and function as antigen-presenting cells to primed T lymphocytes, so amplifying the response.
One group of cells that are noticeably absent from the skin are B lymphocytes. Despite this, it is known that immunoglobulins specific to the commensal flora are produced in normal individuals (30, 100, 194) and that IgG, IgM, IgE, and secretory IgA are present in human sweat (150, 196, 322) , providing a readily available route to gain access to the organisms on the skin. Metze et al. (283) used immunohistochemical techniques to demonstrate that commensal organisms (Malassezia species, Corynebacterium, and cocci) present on the skin surface of normal individuals were coated with immunoglobulins. Thus, antibodies are produced against the commensal flora and are able to reach and attach to these organisms on the skin.
Humoral Immune Responses to Malassezia in Normal Individuals
Immunoglobulins specific to the yeast phase of Malassezia can readily be detected in normal individuals with no history of skin disease, and several groups have studied this humoral response in healthy individuals. Throughout the following sections, Malassezia is used as a generic name, because in many cases it is difficult to identify which species were used in the studies cited.
In 1983, the serum antibody titers to Malassezia, C. albicans, and Trichophyton rubrum were determined in 21 young subjects (aged 23 to 44 years) and 20 elderly subjects (aged 70 to 88 years), none of whom had a "significant" history of superficial fungal infections (413) . A tube ELISA was used to determine the titers of IgG, IgA, and IgM and found that all three classes of immunoglobulins to all three organisms were present in both the young and elderly groups. Comparison of the data for young and elderly subjects revealed that the responses were very similar, except for Malassezia, where the levels of IgM were significantly lower in the elderly subjects (P Ͻ 0.01).
Faergemann examined titers of antibodies in normal subjects, measured using an indirect-immunofluorescence (IIF) technique (123) . Sera were included from 21 adults and 36 children aged 6 months to 15 years. The titer in adults was significantly higher than that found in the children (P Ͻ 0.01), possibly due to the sparsity of Malassezia on the skin of the children.
Levels of Malassezia-specific IgG were determined by IIF in the sera of normal subjects ranging from 29 to 81 years of age (48) . The titers decreased with increasing age (P ϭ 0.002), with the highest titer being found in 29-to 31-year-old subjects and lower titers being found in older subjects. This paralleled the decreasing population densities of Malassezia on the skin, and so the authors suggested that antibody titers reflected the level of skin colonization.
The sensitivities of IIF and ELISA were compared for their ability to detect IgG specific to Malassezia (203) . Sera from 10 healthy adults and five healthy 6-month-old children were assayed using both methods. Titers in the ELISA were much higher than the corresponding titers in the IIF technique, demonstrating that ELISA was the more sensitive method. Additionally, titers of IgG specific to Malassezia were substantially lower in the 6-month-old children than in the adults, although no statistical analysis was carried out on the results.
Cunningham et al. also used ELISA to determine antibody titres to Malassezia serovars A, B, and C in normal individuals of various ages (100). Sera were obtained from 50 nonatopic females with no history of dermatoses. Five age groups were included: 2 to 3 years, 7 to 10 years, 20 to 24 years, 33 to 40 years, and 60 to 64 years, with 10 individuals in each. Titers of IgG and IgM were determined for all the subjects, and titers of IgA were determined for 36 subjects. IgM was present in the sera of 2-to 3-year-old children at levels comparable to those in adults. The titers of IgM were similar for all age groups, except the 60-to 64-year-old group, where they were significantly lower (P Ͻ 0.05). IgG titers did not differ significantly between age groups. IgA was not detectable in 18 sera, and its levels were low in all groups, with no differences between age groups or serovars.
The most recent study to define humoral immunity to Malassezia included 868 serum samples from subjects ranging from 0 to 80 years of age (139) . However, the subjects were included "independently of the presence or absence of signs of disease attributable to the fungus," so the results may not be representative of healthy individuals. Antibodies to Malassezia, detected by immunoelectrophoresis, were present in 31% of the samples, with none in children younger than 11 years and the highest prevalence in the 31-to 40-year-old group. No statistical analysis was performed and so it is not known whether the differences were statistically significant. These results contrast with the findings of other groups, who have detected immunoglobulins in children, and may be a reflection of the relative insensitivity of immunoelectrophoresis.
Despite the variety of methods and different antigen preparations used in these studies, some consensus has emerged from the results. The majority of individuals have some antibodies to Malassezia, even from a relatively young age, although a few studies perhaps did not detect them because of the methods used. Antigen is presented to the immune system over a sufficient period to initiate both naive (IgM) and anamnestic (IgG) responses. Levels of IgA are generally low, suggesting that mucosal sensitisation by Malassezia is not an important route.
In the commensal state, Malassezia usually occurs as yeast cells, although mycelium may also be seen (288) . Because of this and because of the difficulty in producing the mycelial phase, no investigators have determined the humoral response to mycelium. Recently, this issue was addressed by Saadatzadeh (380) , who induced the mycelial phase and used whole mycelial antigens in IIF. Titers of total immunoglobulins, IgM, IgG, IgG subclasses, and IgA were determined in sera from 12 normal healthy adults. All the classes of immunoglobulins were detected, with the highest titers being found for IgG. Appreciable levels of IgM, IgA, and the IgG subclasses were also found. Thus, although the relatively insensitive method of IIF was used, significant levels of humoral immunity to the mycelial phase of Malassezia could be detected in normal individuals. Despite the limited amount of mycelium on normal skin, the immune system recognizes and responds to mycelial antigens. This may be due to the presence of common antigens, shared either with the yeast phase of Malassezia or with other commensal organisms.
Cellular Immune Responses to Malassezia in Normal Individuals
Cellular immunity is known to be of major importance in the host defense against fungal infection (82) . The higher incidence of Malassezia-associated dermatoses in patients with cellular immunodeficiencies suggests that cellular immunity is also important in maintaining the organism as a commensal. The incidence of PV is known to be increased in renal transplant recipients (228, 391) and patients receiving steroids (57); folliculitis is seen in bone marrow transplant recipients (74) , and the incidence of SD is very high in patients with AIDS (92, 119, 141, 275, 298, 408, 451) . Despite this, only one small study has characterized the cellular immune response to Malassezia at various ages. Cunningham (99) studied nine individuals, ranging from 8 to 57 years of age (8 to 10 years, n ϭ 3; 21 to 24 years, n ϭ 3; 50 to 57 years, n ϭ 3), and measured the cellular immune response to whole yeast cells of Malassezia serovars A, B, and C using the leukocyte migration inhibition (LMI) and LT assays. In the LMI assay, she found that there were positive migration inhibition responses in each age group and that the responses did not differ significantly between the age groups. The responses in the LT assay were determined for six individuals, in the age range from 21 to 57 years, and did not differ between age groups; however, the responses to serovars B and C were generally higher than those to serovar A. This small study has limited significance, but it does demonstrate that stimulation of cellular immunity by Malassezia occurs in normal individuals.
In an attempt to gain a clearer picture of cellular immunity to Malassezia in normal individuals, data from control subjects in various studies have been collated in Table 5 . From this it can be seen that Malassezia elicits significant cellular immunity in normal individuals. The similarity in responses seen in the different age groups studied (from 8 to 61 years of age) suggests that the levels of cellular immunity remain fairly constant throughout life, although its persistence in individuals older than 61 years has not been studied. It may be that, as occurs with humoral immunity, the level of cellular immunity falls in elderly individuals. The cellular immune response to the mycelial phase of Malassezia in normal individuals has recently been investigated (378) . Cellular immunity was measured using the LT and LMI assays in 12 healthy volunteers. None of the subjects gave a positive response in the LT assay, while up to 10 of them responded in the LMI assay, depending on the Malassezia strain used. The level of response was described by the authors as "minimal," and this may be a reflection of the limited number of mycelial elements on normal human skin.
The presence of Malassezia on the skin as a commensal and the measurable humoral and cellular immune responses to Malassezia in healthy individuals with no history of skin disease present unusual problems when studying patients with Malassezia-associated diseases. To provide convincing evidence that Malassezia may be involved in the disease, the immune response in patients must be significantly different from that in healthy controls. However, the response seen in healthy controls will vary according to their age and possibly the amount of Malassezia that they carry on their skin. Therefore, it is essential in any study of the microbiology or immunology of Malassezia that controls be carefully selected to match both the age and sex of the study population. Comparison of results between groups not matched in this way is meaningless. 
DISEASES ASSOCIATED WITH MALASSEZIA
In several early papers there was debate about whether Malassezia was really able to cause disease (273, 369) . It is now thought, however, that it is the etiological agent of both cutaneous and systemic diseases. M. pachydermatis is not commonly associated with diseases in humans, although it has been reported to cause canaliculitis (372), wound infection (160), and systemic disease (88, 168, 241, 286, 465) in premature neonates. It is, however, an important pathogen of animals, causing dermatitis and otitis externa in a wide range of animals (169) . Since the immune response in humans to this organism have not been studied, it will not be discussed further.
Pityriasis Versicolor
Malassezia is known to be the etiological agent of PV (synonym, tinea versicolor). Under conditions which have yet to be fully elucidated, it undergoes conversion from the yeast to the mycelial form, which is then able to invade the stratum corneum, penetrating both between and through the corneocytes (58, 81, 291, 295, 441) . Recent work, however, has found that not all isolates of Malassezia are able to undergo this yeastmycelium transformation (379) . PV is a mild, chronic condition, usually affecting the upper trunk (129); it is characterized by scaly hypo-or hyperpigmented lesions with minimal pruritus (270) . The condition occurs mainly between adolescence and middle age, when the sebaceous glands are more active (134) , although it has also been reported in children (11, 93, 284, 479) and the elderly (109, 285) . Predisposing factors include a "genetic susceptibility" (77, 175) , illness or malnutrition (77), increased plasma cortisol level (57, 77, 237) , and high ambient temperature and humidity (127) . The incidence in temperate climates is around 1% (134, 183) , but incidences as high as 40 to 60% have been reported in tropical climates (209) . The lesions may be more extensive in tropical climates (288) , and the microscopic appearance of the organism from the lesion may be different from that seen in temperate climates. In temperate regions, microscopically the appearance is classically of clusters of yeasts with hyphae that may be branched ("spaghetti and meatballs"), while in tropical regions, oval or cylindrical yeasts with filaments may be seen (288, 291) . PV has a chronic, relapsing nature, necessitating frequent retreatment or prophylaxis (130) .
The mycology of PV has been extensively studied. The association of the mycelial form of Malassezia with PV lesions was made as early as 1871 (308), when Neumann described hyphae from lesions. Moore successfully cultured Malassezia from PV lesions in 1938 (296), and Gordon described the round yeast form associated with the lesions of PV and normal skin (159) . In 1969, Roberts (365) examined 25 patients with PV at presentation and included a further 62 patients retrospectively. Lesions were scraped in 25 patients, and Malassezia was found in all of them by microscopy; however, the proportion of yeast and mycelium varied. For the 27 patients for whom samples were available, 25 samples were culture positive on malt agar overlaid with olive oil. P. orbiculare was isolated in all 25 cultures; in 6 of them it coexisted with P. ovale. Roberts found filaments in some of the samples from clinically normal skin of patients and suggested that filament production had to occur on a "massive scale" to produce clinical lesions of PV.
The found that the corneocyte count on lesions was three times higher than that on normal skin, and this provided increased space for the organisms to colonize. They concluded that Malassezia was the causative organism and that the mycelial form of the organism was "instrumental in creating the lesion" of PV.
In 1979, Faergemann and Bernander (132) collected samples from 30 patients with PV, using curettes to scrape both lesional and normal skin. They recovered P. orbiculare from the lesions of all patients and from normal skin of 24 patients but did not isolate P. ovale from any sample. They suggested that P. ovale might not be common in the Swedish population where the study was carried out.
Ashbee et al. (27) carried out a study of the microbiology of PV and took samples from sites on the trunk and head of 10 patients. They measured the total amount of Malassezia and the amount of each serovar (A, B, and C) at each site in an attempt to determine if any particular serovar was associated with the lesions of the disease. They found that although serovar A predominated on the trunk, this was the same in both patients and controls and did not reflect association with the disease. No one serovar predominated on the head sites. Overall, there was no difference in the total population density of Malassezia or the distribution of serovars on lesional skin compared to control skin at the same sites. These findings appear to conflict with those of McGinley et al., but whereas McGinley et al. recorded total counts by microscopy, the Ashbee study used viable counts on culture; hence, the results are not directly comparable.
Since the differentiation of the new species of Malassezia, several groups have published studies examining the mycology of PV (94, 95, 172, 300) . The results of these studies are summarized in Table 6 . Overall, M. globosa has been isolated from between 25 and 97% of the patients, and some of the authors have suggested that this species may be implicated in the pathogenesis of PV. However, because these studies used qualitative sampling methods, they are not able to produce the quantitative data needed to determine which species, if any, predominates in PV.
Another aspect of PV, which has received a great deal of interest, is the alteration in skin pigmentation associated with the lesions. Several theories have been proposed to explain hypopigmentation, including the filtering of UV light by the growth of the organism in the skin (14) , a block in the transfer of melanosomes to keratinocytes (14, 89, 121, 153, 208) , and the inhibition of melanin production by azelaic acid (180, 302) or by lipoxygenase (304) . Other groups have suggested that the hyperpigmentation of lesions was due to inflammation (116, 153) , increased skin thickness, or larger numbers of organisms in the skin (153) . Despite these studies, the mechanisms by which pigmentation is altered remain largely unresolved.
Seborrheic Dermatitis and Dandruff
The relationship between SD and dandruff is controversial. Several authors believe that the two conditions are distinct clinical entities (224, 377) , while others believe that dandruff is the mildest, noninflammatory form of SD (104, 398) . The involvement of Malassezia in the condition(s) has also been extensively debated (126, 253, 281, 321, 382, 398) .
SD presents clinically as scaling and inflammation on the areas of the body rich in sebaceous glands, such as the face, scalp, and upper trunk (166) , whereas dandruff is a noninflammatory scaling condition confined to the scalp (252) . Lesions of SD occur primarily on the eyebrows, nasolabial folds, cheeks, and sternal and interscapular region (337) . In the normal population, the incidence of SD is around 1 to 3% (155, 352) , but in patients who are human immunodeficiency virus positive or have AIDS-related complex or AIDS, the incidence is much higher, ranging from 30 to 83% (92, 119, 141, 275, 408) , although the incidence of all opportunistic infections has decreased since the widespread use of highly active antiretroviral therapy (323) . SD also has a higher than expected incidence in patients with PV (134), Parkinson's disease (55), spinal injuries (471), or depression (266) or those receiving PUVA treatment (434) . In normal individuals, SD tends to start after puberty and become chronic with frequent flares, often precipitated by stress (166) . In AIDS patients, the condition may be much more severe (165) and refractory to therapy (408) than in persons who do not have AIDS.
For the purposes of this review, dandruff and SD will be considered a continuum of the same condition, unless they were specifically differentiated in the literature cited.
It was Malassez in 1874 who first associated Malassezia with scaling scalp conditions (268) , and the debate about its role in SD and dandruff has continued unabated since then. Innumerable studies have sought to resolve the issue, focusing either on the microbiology of the condition or on the therapeutic efficacy of various antifungal preparations. In the early 1950s, both Martin-Scott (273) and Spoor et al. (415) expressed reservations about the association of Malassezia with SD, since it was found on normal scalps as well as in patients with SD. Van Der Wyk and Hechemy (446) studied the effect on dandruff of inhibiting either the yeast or bacterial populations on the scalp and found that reduction of the yeast population correlated with a decrease in dandruff while inhibition of the bacterial population did not. Two years later, a further study by the same group (161) used tetracycline and nystatin to suppress the normal scalp flora and noted a decrease in dandruff production of over 60%. When a nystatin-resistant strain of Malassezia was reintroduced onto the scalp, dandruff production increased by 88%.
The population densities of Malassezia were assessed on the scalps of normal subjects, patients with dandruff, and patients with SD in another study (281) . Malassezia made up 46% of the microbial flora in normal subjects, 74% of the flora in patients with dandruff, and 83% of the flora in patients with SD. Although Malassezia was more numerous and made up a larger proportion of the flora in patients with dandruff or SD, the authors felt that the "data presented here cannot be constructed to argue for or against an etiologic role for bacteria or yeast-like organisms in dandruff." However, further experiments published by the same group the following year found that suppression of the Malassezia population on the scalp, either alone or in combination with suppression of the bacterial flora, had no effect on dandruff production (253). They concluded that dandruff was merely an excessive desquamation of the scalp and was totally unrelated to the microbial flora. Despite this, several subsequent studies have supported the role of Malassezia in SD and dandruff, demonstrating parallel decreases in the number of organisms and the severity of the condition (185, 333, 382) . A recent study used shave biopsy specimens to examine the density of Malassezia in SD lesions and normal skin and found higher densities in SD lesions (334) . The authors suggested that because Malassezia was present within the layers of the stratum corneum as well as on the skin surface, the full thickness of skin squames must be examined to gain a true idea of fungal load and that surface culture methods may underestimate the population densities. Furthermore, they felt that this might explain why many studies were unable to detect differences in population densities of Malassezia between patients with SD and healthy controls.
A study in 1993 examined the distribution of M. furfur serovars A, B, and C on the skin of patients with SD to determine whether any particular serovar was associated with the lesions (27) . In addition to finding that the total population density of M. furfur was not higher on lesional skin than nonlesional or healthy control skin, the investigators found that no one serovar was associated with the disease. More recently, two studies have examined the distribution of the new species of Malassezia on the skin of patients with SD. In the first study (94) , scrapings were taken from lesions from 75 patients and cultures were performed. In 36 patients a single species was isolated; in 35 patients two species were isolated; and in 4 patients three species were isolated. M. restricta was isolated from 43% of patients, and M. globosa was isolated from 34%. The other study (300) included 42 patients, taking swabs from both lesional and nonlesional sites. The investigators found a similarly complex situation, with M. furfur, M. globosa, and M. sympodialis isolated from 21, 21, and 6% of the lesions, respectively, and 31% of lesions yielding no organisms. As with studies of PV, the use of nonquantitative methods will not provide de- finitive answers to whether a particular species is associated with SD. Studies of the clinical efficacy of various drugs, in general, add considerable weight to the role of Malassezia in SD and dandruff. Although there are a few dissenting studies (5, 64, 98) , by far the majority ascribe successful therapy to an antiMalassezia mode of action (22, 104, 126, 148, 162, 197, 211,  271, 321, 330, 332, 362, 392, 393, 406) . Although simple overgrowth of Malassezia is unlikely to be the cause of SD and dandruff, the balance of evidence suggests that the organism is very important in their etiology and not merely an opportunist colonizing the increased skin surface area.
Malassezia Folliculitis
Malassezia folliculitis consists of pruritic papules and pustules that occur mainly on the trunk and upper arms (125) . It was first reported by Weary et al. (460) in the setting of antibiotic therapy and has also been seen in association with pregnancy (188), leukaemia (483) , bone marrow transplantation (74), AIDS (142), Down's syndrome (212), Hodgkin's disease (184) , diabetes (20, 340) and kidney (450) and heart (357) transplantation. Because folliculitis is frequently seen in immunocompromised patients, the importance of differentiating it from lesions of systemic fungal infection has been stressed (225) . Folliculitis appears to be more common in tropical countries (1, 199) , probably due to the heat and humidity. Although Malassezia has frequently been isolated from folliculitis lesions (137, 149, 212, 318) , this may not be significant, since it can also be isolated from normal pilosebaceous follicles (243) and noninflamed open comedones in acne vulgaris (193) . Other organisms commonly found in normal follicles include propionibacteria and staphylococci (243) . Few studies of Malassezia folliculitis have attempted to culture the follicular contents, but one that did also found propionibacteria and staphylococci present within affected follicles (212). Potter et al. (340) postulated that the release of free fatty acids by the action of lipase from Malassezia might cause the irritation and inflammation associated with the folliculitis. However, this theory was discredited when subsequent studies demonstrated that physiological concentrations of free fatty acids were insufficient to elicit inflammation (347) . Follicular occlusion has been suggested as the primary event in this condition, with overgrowth of Malassezia as a secondary event (189) . While antifungal therapy has proved efficacious (1, 20, 149) , the exact role of Malassezia in this condition remains to be fully elucidated.
Atopic Dermatitis
AD (synonym, atopic eczema) is a common chronic inflammatory skin disease, whose etiology is still unknown (473) . Initial symptoms of AD or subsequent exacerbations may be triggered by emotional stress, infections, mechanical or chemical irritants, sweating, or allergens. The allergens implicated include food allergens; aeroallergens, such as pollens and house dust mite (255); and allergens from cutaneous commensals (315) or pathogens (312) . Because the barrier function of the skin is impaired in AD (466) and intense pruritus resulting in excoriation is frequently present (312), antigens from organisms present on the skin are highly likely to come into contact with the immune system and elicit a response. Patients with AD generally have raised levels of total IgE, especially in severe disease (255) . While IgE may be important in respiratory manifestations of atopy (allergic rhinitis and bronchial asthma), its role in AD is less clear.
The first study to implicate Malassezia in head and neck dermatitis, a particular type of AD, was published by Clemmensen and Hjorth (91). They had previously noted that patients with itchy, eczematous lesions on the face and neck gave positive skin prick reactions to Malassezia. The lesions occurred mainly in young, postpubertal females, and the investigators selected 20 such patients to participate in a double-blind crossover trial comparing the effects of ketoconazole with placebo. They found a significantly greater efficacy of ketoconazole in subjects who had lesions on the head and neck but not in those with more generalized lesions. A large retrospective study of 741 atopic patients confirmed that the largest number of positive skin prick tests (SPT) to Malassezia were seen in patients with head and neck dermatitis (453) .
A study of colonization levels in young subjects with AD demonstrated that carriage of Malassezia did not differ significantly between AD patients and healthy controls (69) . However, this study did not specifically select patients with head and neck dermatitis, the group in whom Malassezia may be more important.
Treatment with ketoconazole was found to be beneficial in a study of 20 patients with generalized AD (35) . In a further study of 60 patients with AD of the head and neck, administration of a topical antifungal along with hydrocortisone was compared with administration of hydrocortisone alone (68) . Both patient groups experienced significant improvement in their AD, which did not differ between groups, although the population densities of Malassezia decreased significantly only in the group receiving antifungal.
Other Superficial Diseases
Malassezia has been associated with a wide range of other superficial diseases, including acne vulgaris (21, 206) , dacryocystitis (474), seborrhoeic blepharitis (440), neonatal pustulosis (19, 309, 336, 350) , confluent and reticulated papillomatosis (136, 215, 223, 236, 366, 481, 482) , onychomycosis (97, 400), nodular hair infection (262) , and psoriasis (120, 124, 140, 373, 374, 376) . In many of these reports, the isolation of Malassezia was taken as proof of its involvement in the disease, an assumption that may not be correct due to its presence on the skin as a commensal.
Malassezia has also been implicated in some more deepseated infections including mastitis (53), sinusitis (319), septic arthritis (478) , and malignant otitis externa (87) .
Systemic Diseases
Peritonitis. The first time that Malassezia was associated with a deep-seated infection was in 1979, when it was isolated from a patient undergoing continuous ambulatory peritoneal dialysis who developed peritonitis (451) . After several episodes of apparently "sterile" peritonitis, lipid supplementation of cultures of peritoneal dialysate fluid grew Malassezia. Since this initial report, there have been three further reports of peritonitis due to Malassezia in continuous ambulatory peritoneal dialysis patients (143, 156, 205) .
Catheter-related fungemia. Catheter-related fungemia due to Malassezia has generally been described in neonates who are premature with a variety of underlying conditions, receiving parenteral nutrition (PN) through central venous catheters. The first report of the condition was in a premature neonate who developed pulmonary vasculitis while receiving intravenous lipid emulsion for PN (354) . The child developed pneumonia, but an open lung biopsy failed to reveal the cause and the organism was cultured only after the child's death. Previously, it had been demonstrated that intravenous administration of fat emulsions lead to the deposition of lipid deposits within the pulmonary vasculature (40, 102, 151, 251) . At autopsy, Malassezia was found within the lipid deposits in the intima and vessel wall of the pulmonary artery and the surrounding lung tissue. The deposits fulfilled the organism's requirement for lipid and caused its localization in the lung. Since this initial report, there have been a large number of further cases of fungemia due to Malassezia in neonates ( However, since many of the cases were published before the new taxonomy was adopted, it may be that other species are also involved but were not recognized at the time.
Malassezia fungemia has also been found in immunocompromised or immunosuppressed children and adults, most of whom were receiving PN (38, 70, 154, 179, 274, 287, 345, 387, 397) . In many cases, antifungal therapy was unsuccessful in eradicating the Malassezia and the central venous catheter had to be removed. Although the isolates involved may be sensitive in vitro to the antifungal administered (345) , the organisms may be embedded in a mesh of fibrin on the catheter surface, which protects them by rendering them inaccessible to the antifungal (346) . Malassezia fungemia has been increasingly recognized over the last 20 years, but many blood culture systems do not effectively support its growth in vitro (263, 305, 356) , and so the incidence may be even higher than current reports suggest.
IMMUNOLOGICAL RESPONSES TO MALASSEZIA IN DISEASE
The reasons why one individual develops a disease caused by Malassezia, but in other people it remains as a commensal are largely unknown. Many studies have examined the immunological responses in these patients and compared them to the responses in healthy individuals to determine whether patients had particular immunological predisposing factors. Despite studies of extensive numbers of patients, no clear immunological predisposing factor has emerged for most diseases.
There are many unanswered questions about the immunology of these diseases. What is the antigenic composition of Malassezia on the skin? How closely do the antigenic preparations used in assays match those present in vivo? Are in vitro immunological assays a true representation of the immune response in the skin during disease? For many of these questions, we still do not know the answers. Reviewing the literature, it is obvious that a wide range of antigenic preparations have been used by different groups (Table 7) as well as different assay methods (Table 7) to determine both humoral and cellular immune responses. Compounding this variability is the use of strains of Malassezia defined by different classifications. In view of these inconsistencies between studies, the surprise is that any answers have emerged rather than that some questions remain unanswered Lack of standardization of antigenic preparations in immunologic studies has long been a major limitation in Malassezia research, and the use of defined antigens in future work may finally allow the importance of Malassezia in various diseases to be defined.
Pityriasis Versicolor
Humoral immune responses. Studies examining the humoral immune response to Malassezia in PV are summarised in Table 8 . One of the earliest studies to examine the host response in patients with PV was carried out by Sternberg and Keddie in 1961 (418) . They found that 10 normal subjects had what they considered low titers, as did 4 of the 6 PV patients. However, two of the PV patients with extensive disease had higher titers and were noted to have a larger mass of both yeast and hyphae, but the authors were uncertain of the significance of this finding. The small number of patients studied and the relative insensitivity of the method used limit the conclusions that can be drawn from these data.
The next study of humoral immunity in PV was carried out by Da Mert et al. (103) . They found that all the patients and controls had antibodies to Malassezia but that patients had significantly higher titers than controls did (P Ͻ 0.05). The titers did not correlate with disease activity. The authors concluded that the elevated antibody titers were due to overt infection and not just colonization with the organism. Since no data on the respective ages of the patients and controls or the population densities of Malassezia on their skin were included, such conclusions may not be valid.
The following year, Furukawa et al. (152) published conflicting results, finding no differences in antibody titers between patients with PV and healthy controls. In patients, the titers did not correlate with the duration or distribution of lesions or the presence of pruritus. In patients with high titers, the quantity of Malassezia in stained specimens did not differ from that in patients with low titers.
Another study that was unable to demonstrate differences in antibody titers between PV patients and controls (123) also found that antibody titers did not correlate with either the extent or duration of the lesions. In contrast to Da Mert et al., it was concluded that antibodies to Malassezia were dependent on colonization with the organism and hence could not be used as indicators of disease.
The first study to examine the levels of different isotypes of immunoglobulins was reported by Wu and Chen (476) . They found that the mean total IgG and total IgM levels in patients were reportedly significantly higher than the levels in controls (P Ͻ 0.005), but the method of statistical analysis was not stated. Titers of IgG and IgM specific to Malassezia were significantly higher in patients than in the control group. The authors subdivided the patients with PV into three groups according to the lesions present, namely, erythematous, pigmented, or hypopigmented. When the data for antibody titers were reanalyzed for these groups, it was found that the group with erythematous lesions had very elevated titers of specific IgG and IgM, which accounted for the overall difference in PV patients. Wu and Chen concluded that the presence of antibodies might explain the containment of the organism within the epidermis.
Hashimoto et al. (178) were unable to find differences in antibody titers of IgG or IgM between six patients with extensive, recurrent PV and healthy controls. They used a dot blot assay (186) with antigen bound to nitrocellulose paper and detected with a labelled second antibody.
Ashbee et al. used an ELISA method to determine antibody titers in patients with PV and controls (25, 26) . Despite using a more sensitive technique than those used in previous studies, the authors did not document any significant differences in the titers of any of the classes of immunoglobulins between patients and controls. Levels of the four IgG subclasses were similar, contrasting with the normal proportions of IgG1 through IgG4 in serum, which were 65, 25, 6, and 4%, respectively (326) . IgG4 may be a marker of chronic antigen exposure, occurring as a late antibody response to high levels of antigen (389) , and so both patients and normals are chronically exposed to the antigens of Malassezia. The presence of IgG1 and IgG3, elicited in response to protein antigens and of IgG2 elicited in response to carbohydrate antigens indicated that Malassezia presents both protein and carbohydrate antigens to the immune system. The finding of Malassezia-specific IgE contrasts with other reports that have suggested that such antibodies are present only in atopic individuals, particularly those with AD (35, 41, 69, 467) .
The most recent study to examine antibody responses in PV patients also used an ELISA and Western blot technique to examine sera from PV patients and healthy controls (399) . Levels of IgG and IgM antibodies were significantly higher in All the studies mentioned so far have made use of yeast cells of Malassezia as the antigens. However, it is widely accepted that in PV Malassezia undergoes conversion from the yeast to the mycelial phase, and therefore the immune response directed against the mycelial phase is likely to be important. A study recently has examined the humoral immune response to the mycelial phase of Malassezia in patients with PV and in controls (380) . Both patients and controls had measurable antibody titers, and for IgG and IgM, the mean antibody titer in patients was significantly higher than in controls. The authors suggested that a greater load of mycelia or prolonged exposure to the mycelia in patients would explain these results, and hence they were a consequence of disease rather than the cause.
Cellular immune responses. The diversity of results seen in studies of humoral immunity is mirrored in the studies of cellular immunity, summarized in Table 9 . The first two studies of cellular responses in PV patients resulted in the widely stated dogma that PV patients have a cell-mediated immune deficiency specific to Malassezia. In the first study, Sohnle and Collins-Lech (409) used the LMI assay and LT assay. The responses in the LT assay were not significantly different between the two groups, but in the LMI assay the response of patients was significantly lower than that of controls (P Ͻ 0.001). In a second study, the same authors again used the LT and LMI assays to measure cellular responses (411) , but in contrast to the previous study, they documented "diminished lymphocyte transformation responses" in patients compared to controls. Detailed analysis of their data demonstrates that on day 6 of the LT response there was indeed a significant difference in the responses between patients and controls. However, the authors also stated that the peak response in the LT assay did not occur until day 9, at which time there was no significant difference in the responses between the two groups. This lack of difference in peak responses does not support their conclusion that patients have a cell-mediated immune deficiency. It may be that the rate with which the lymphocytes from patients and controls transformed was different, but they reached the same peak levels. Sohnle and Collins-Lech believed that in patients with PV there were fewer lymphocytes sensitised to Malassezia than in controls. However, since the peak responses were not different between PV patients and controls, this conclusion seems unlikely.
In contrast to these findings, other workers have not documented any deficiency in cellular immunity to Malassezia in patients with PV. One study found no difference in the lymphocyte proliferation response to mitogens between patients and controls and an increased response to Malassezia in patients (477). Ashbee et al. used the LMI and LT assays to determine cellular immunity to the three serovars of Malassezia (28) . More patients than controls responded to serovar B (P Ͻ 0.05) in the LMI assay, but there were no differences between the responses of patients and controls for serovars A and C or in the LT assay. Ashbee et al. (28) suggested two possible explanations for the difference between their results and those of Sohnle and Collins-Lech (409, 411) . Firstly, when Sohnle and Collins-Lech compared peak responses, there were no significant differences between patients and controls in their results (411) . Second, serovar A was found to be the least stimulatory in the LT assays, and Ashbee et al. suggested that use of such a strain by Sohnle and Collins-Lech could lead to the impression of a generalized cellular immune deficiency if no other strains were tested. Therefore, Ashbee et al. found no evidence of a cellular immune deficiency in patients with PV.
Recently, Bergbrant et al. (46) reported significantly lower LT responses to Malassezia in patients with PV than in controls (P Ͻ 0.001), but the responses to mitogens did not differ between the two groups.
The cellular immune responses to the mycelial antigens of Malassezia were measured in a recent study (378) . In the LT assay, overall, patients had significantly greater responses to antigens than controls (P Ͻ 0.05), but in the LMI assay, there were no significant differences in the responses between patients and controls. The generally low response to the mycelial phase of Malassezia was suggested as a possible reason for the chronic nature of PV.
In conclusion, no consensus has emerged with regard to humoral immune responses in PV patients, with some studies reporting higher antibody levels in patients and others finding no differences. Despite early studies suggesting a cellular immune deficiency to Malassezia in patients with PV, other groups have not found this; indeed, several have found increased reactivity to Malassezia in patients.
Lesional infiltrates. The studies examining both the cellular and humoral immune responses in PV have all quantified responses in peripheral venous blood. Obviously, taking peripheral blood and testing the responses in vitro in an artificially defined system is far different from the response which may occur in the skin during disease. Further information about the likely immune response in the lesions may be obtained by examining the inflammatory infiltrate in lesions. Although PV is generally associated with minimal inflammation, an infiltrate is seen in the lesions. The first study to characterize the infiltrate found increased numbers of T lymphocytes in the lesions, consisting mainly of Th cells with few Tc cells (386) . The number of Langerhans' cell in the dermis was increased in some lesions. Monocyte numbers were also increased in the dermis in some lesions, and monocytes were present in the epidermis in other lesions. Subsequent studies have confirmed the increased number of Langerhans' cells and the predominantly Th lymphocytic infiltrate (66, 178) . However, while one study did not find any monocytes present (178) , the other noted a macrophage density of up to 40% (66) . The close apposition of Langerhans' cells to fungal elements in the epidermis may be tangible evidence of antigen presentation by these cells. Most of the infiltrating cells were activated, and expression of HLA-DR was seen in 64% of the cells in the dermis (66) . The same pattern of infiltrate has been observed in bacterial, fungal, and noninfectious dermatoses (66) .
Seborrheic Dermatitis and Dandruff
Humoral immune responses. As with PV, there have been many studies examining the humoral immune response to Malassezia in patients with SD, and similarly divergent results have been reported (Table 10) .
The earliest study characterizing antibody titers was carried out by Alexander in 1968 (12) to attempt to determine whether hair loss was related to dandruff. She found that the highest antibody titers correlated with the largest amounts of dandruff but that changes in the severity of the dandruff did not immediately result in changes in titers. Antibody levels did not appear to correlate with hair loss. Statistical analysis of the results was not performed, and so it is unknown if the differences were statistically significant.
It was another 20 years before the next study was carried out, and its results supported the findings of Alexander. More patients with SD had antibodies to Malassezia than did controls (P Ͻ 0.001) (292) , and the higher levels of antibodies in patients was due to increased IgG, but not IgM, levels. Interestingly, when Western blot analyses were performed on the sera, the main band recognized was a 35-kDa band by sera from the SD patients, while sera from four AD patients recognised a 66-kDa band. However, more recently, a 37-kDa antigen has been described in immunoblots using sera from AD patients, which may be the same as the 35-kDa antigen recognized in this study.
Many groups have found no differences in IgG titers to Malassezia between patients with SD and controls despite studying larger numbers of subjects (49, 51, 176, 219) .
The effect of different methods and different antigen prep- arations on the results of antibody determinations was examined by Bergbrant et al. (50) . Comparing combinations of various methods and antigens, the only combination able to find a significant difference in antibody titers between SD patients and controls was an ELISA using a cell wall protein antigen. Unusually, this combination found lower levels of antibodies in patients than in controls (P Ͻ 0.02) Another study of humoral immunity in SD patients carried out by Ashbee et al. (25) , found no differences in antibody titers between patients and controls.
Silva et al. (399) demonstrated higher titers of IgG antibody in SD patients than in controls, but the titers of IgA did not differ between groups. Western blots using the sera from the SD patients showed that the immunodominant antigens were 65, 70, and 84 kDa, recognized by 100, 67, and 53% of the sera, respectively. Only 25% of the control sera recognized the 65-and 70-kDa antigens. Therefore, Silva et al. suggested that the 65-, 70-, and 84-kDa components were markers for SD. This differs from the findings of Midgley and Hay (292) , in which a 35-kDa antigen was the main one recognized by sera from SD patients.
The most recent study, in 1998, found no significant differences in titers of IgG or IgM antibody between patients and controls (328) . Western blots using the cytoplasmic antigen demonstrated recognition of bands ranging from around 30 kDa to over 116 kDa. However, the pattern of bands was similar for both patients and controls, and so no specific protein or group of proteins was a marker of disease, in contrast to the findings of Silva et al. (399) .
Neuber et al. (307) studied immunoglobulin production by lymphocytes from patients and controls, either de novo or in vitro, in response to Malassezia. Levels of spontaneously produced IgA and IgG were not different between patients and controls, but levels of IgM were significantly higher in patients (P Ͻ 0.05). Production of IgA and IgM was significantly higher in patients after stimulation with Malassezia, but only at one of four antigen concentrations used; at the other concentrations no differences were observed.
In general, most studies have not demonstrated significant differences in antibody levels between patients and controls, although one found lower levels in patients and two found increased levels.
Cellular immune responses.
Relatively few studies have examined cellular immunity in SD. One mechanism postulated to be involved in the pathogenesis of SD is contact sensitization to the antigens of Malassezia. Application of killed Malassezia cells resulted in lesions similar to SD in an early study (297) and scaling of rabbit skin (375) . Therefore, Nicholls et al. (310) carried out patch testing on 11 patients with SD by using various concentrations of cell wall and cytoplasmic antigens from Malassezia. They tested untreated skin and skin that had been repeatedly stripped with adhesive tape to remove loosely adherent skin squames and so improve the sensitivity of the test. However, only one patient had an irritant reaction to the antigens. Patch testing of 19 SD patients in another study also yielded no positive result (219) , suggesting that contact sensitization to Malassezia is not important in SD.
Another mechanism of hypersensitivity to Malassezia, type I or IgE mediated, has also been studied in SD. Skin prick tests were performed on 19 SD patients with a commercially available protein extract of Malassezia (219) . Histamine release in response to the same antigen was also measured in 15 of the SD patients. However, none of the patients gave positive responses in either test. Lymphocyte subpopulations were determined, and a low Th/Ts ratio was noted in 13 of the SD patients, due to an increase in the suppressor T-cell population. Further studies by the same investigators, however, reported normal or high Th/Ts ratios in 30 patients with SD (51). Lymphocyte stimulation with the mitogens phytohemagglutinin and concconavalin A was low in 13 patients but the investigators did not test any Malassezia antigens in the assay. Only four studies have determined cellular immune responses specific to Malassezia in patients with SD (Table 11 ). Ashbee et al. found that significantly more patients than controls responded to serovars B and C in the LT assay and more patients than controls responded to serovar C in the LMI assay (28) . Therefore, patients with SD were generally more responsive to Malassezia than controls were.
In contrast, Neuber et al. (307) used a sonicated extract of Malassezia and found that stimulation of lymphocytes from healthy controls occurred at two concentrations of the antigen, but the lymphocytes from SD patients were not stimulated. Stimulation of PBMC with Malassezia resulted in significantly higher levels of IL-2 and gamma interferon (IFN-␥) in controls than in patients. However, levels of IL-10 were higher in patients than in controls, both before and after stimulation with Malassezia. They suggested that since IL-10 inhibits monocyte/ macrophage-dependent T-cell proliferation and cytokine production, this might explain the reduced response to Malassezia that they documented. However, the stimulation indices reported were all less than 3, much lower than those from other studies. No data was included for mitogen responses for comparison, and it is possible that an inhibitory substance was present in the assay and caused the low stimulation indices. Parry and Sharpe (328) carried out lymphocyte proliferation assays, and a wide range of responses were noted, but there were no significant differences in responses between patients and controls.
The most recent study of cellular immunity in SD also did not show any difference in response between patients and controls to Malassezia or mitogens (46) .
In summary, most studies of cellular immunity in SD have demonstrated either increased reactivity to Malassezia in patients or no differences between patients and controls.
Lesional infiltrates. An early histological study of SD demonstrated the presence of lymphocytes within lesions (335) , and this was confirmed later when they were identified as mainly Th CD4-positive cells (51) . Langerhans' cell numbers were not increased in lesional skin, and HLA-DR expression on keratinocytes was noted only infrequently (51) . An extensive study recently found the infiltrate to consist of lymphocytes, macrophages, monocytes, and Langerhans' cells, with a few granulocytes (131) . Within the lesions, expression of NK1 and CD16 were increased, suggesting a nonimmunogenic irritant reaction.
Malassezia Folliculitis
Humoral and cellular immune responses. The role of the genus Malassezia in folliculitis is a matter of some debate, and there has been only one study characterizing the host immune response (137) . It included 32 patients with folliculitis and 25 controls and determined their reactivity to Malassezia in the SPT and titers of Malassezia-specific IgG. The SPT was negative in 27 patients and 22 controls, indicating that a type I hypersensitivity to Malassezia is not responsible for the whealand-flare-type reaction seen in Malassezia folliculitis. Titers of IgG to Malassezia were significantly higher in the patients than the controls (P Ͻ 0.01). The authors suggested that the presence of Malassezia deep within the follicle would lead to better antibody production in comparison to their normal site on the stratum corneum; however, Malassezia is known to be present in normal follicles, so this explanation is not convincing.
To date, no studies have characterised the cellular immune responses of patients with folliculitis to Malassezia or mitogens.
Lesional infiltrates. The infiltrate present in Malassezia folliculitis has been extensively studied, and many cell types have been reported. In most cases where the follicle remains intact, the infiltrate has mainly been reported to consist of lymphocytes (59, 74, 131, 149, 158, 460, 483) . However, in cases where the follicle had ruptured, the infiltrate was more extensive and varied, consisting of lymphocytes (340, 403) , neutrophils (142, 177, 199, 340, 403, 450, 483) , macrophages (340, 403, 483) , eosinophils (142, 340) , or plasma cells (340) . Therefore, the extent of the infiltrate seems to be a reflection of whether the follicle had ruptured. This is similar to acne vulgaris, where the initial infiltrate is lymphocytic (316) but after the follicle ruptures a more extensive infiltrate occurs due to the release of follicular contents, which are known to be inflammatory (193, 244, 461) . A study recently found an increase in NK1-and CD16-positive cells, which was interpreted as indicating an irritant reaction (131) .
Atopic Dermatitis
Of all the conditions with which Malassezia has been associated, AD is perhaps the one currently receiving the most attention and the area of research producing the most interesting results.
Many factors may be involved in the development of AD, including the presence of specific genes within the individual's genetic material (147) ; exposure to various environmental (144, 443) , food (448), or microbial (2) allergens; and immunological disturbances within the skin. The pivotal role of the immune system is demonstrated by the acquisition of AD by a previously nonatopic individual after a bone marrow transplant (6) . The immunological disturbances in patients with AD alter as the disease progresses, but the relative balance between Th1 cells (producing IL-2 and IFN-␥) and Th2 cells (producing IL-4, IL-5, and IL-13) appears to be critical. In the acute phase of AD, the Th2 response predominates, but as the lesions become more chronic, a switch to the Th1 response occurs, probably triggered by the increased levels of IL-12, resulting from lesional infiltration by eosinophils and macrophages. The immunological disturbances present in AD and the clinical manifestations that result are detailed in Table 12 . Additionally, increased spontaneous histamine release by basophils, decreased cytotoxic T-cell numbers and function (250) , and immediate-type hypersensitivity to a wide range of allergens have all been documented in AD (249) .
Humoral immune responses. Many groups have measured titers of IgE specific to Malassezia in patients with AD. One early study compared titers of IgE in 34 patients with AD and 10 atopic patients with no eczema but with asthma and/or rhinitis (485) . Using RAST, the investigators showed that 65% of the 22 AD patients had an elevated level of IgE to Malassezia, compared to none of the atopic controls (P Ͻ 0.001). Examining sera from 131 atopic children, Nordvall and Johansson found that 26 (19.8%) had IgE detected by a freeze-dried and sonicated Malassezia antigen in RAST (314) . Levels of specific IgE were low or moderate and were found significantly more frequently in children with current eczema (P Ͻ 0.0001). Several further publications by the same groups, using the same antigenic preparation and method, have reported similar results. IgE titers were highest in patients with eczema, either alone or in combination with other atopic manifestations (asthma and rhinitis), compared to those in patients with rhinitis alone (69, 315) or healthy controls (35) . Levels of Malasseziaspecific IgE were quantified in 15 AD patients, and in 13 of them the level was above the "atopic" cutoff of 0.35 kU/liter (437) . For patients, the median amount was 8.3 kU/liter, but all controls had levels of Ͻ0.35 kU/liter.
Studies examining patterns of IgE reactivity in AD patients have found that significant cross-reactivity occurs between al-VOL. 15, 2002 IMMUNOLOGY OF MALASSEZIA-ASSOCIATED DISEASES 43 lergens. Patients with AD who are sensitized to fungi often have severe disease and react to a wide range of allergens (192) . Cross-reactivity between yeasts has been documented (306) , and IgE to Malassezia has been shown to cross-react with C. albicans (111, 113, 192, 256, 385, 488) , molds (314) , Saccharomyces (200) and house dust mites (112, 200) . The degree to which IgE to Malassezia and C. albicans cross-reacts and the molecule which elicits the cross-reactivity have been the subject of some debate. Several investigators have found significant cross-reactivity between high-molecular-mass glycoproteins or polysaccharides, probably mannans or mannoproteins (110, 111, 113, 256, 385) . Because IgE to C. albicans was rarely found in the absence of IgE to Malassezia and because the avidity of IgE to Malassezia was greater than that of IgE to C. albicans, Doekes et al. suggested that anti-C. albicans IgE was due to cross-reacting IgE elicited by polysaccharides present in Malassezia that was present on the patient's skin (113) . Therefore, IgE was never specific to C. albicans but was solely due to cross-reaction. Although some other groups have also found cross-reacting IgE to mannans (256, 385) , Zargari et al. have found limited cross-reactivity between Malassezia and C. albicans. They produced monoclonal antibodies specific to two protein allergens in Malassezia and found no cross-reactivity to C. albicans (487, 488) , although a third monoclonal antibody to a "non-protein cell wall component" did show some cross-reactivity (488) . A subsequent study confirmed the limited cross-reactivity when the investigators found that protein allergens in C. albicans elicited IgE that was specific to the organism (192) . Therefore, they were able to demonstrate IgE specific to C. albicans and refute that idea that all IgE was due to cross-reaction with Malassezia. A recent study made purified mannan and crude extracts from Malassezia, S. cerevisiae, and C. albicans and crude extracts of Rhodotorula rubra and Cryptococcus albidus to study the cross-reactivity of IgE and IgG from patients with AD (257). They found cross-reacting IgE and IgG between the yeast mannans and concluded that mannan contained most of the epitopes eliciting cross-reacting antibodies, whereas there was little cross-reactivity between proteins.
Kroger et al. (235) studied the effect of a sonicated preparation of Malassezia on IgE, IL-2, IL-4, IL-10, and IFN-␥ production by PBMC in vitro. They included PBMC from eight patients with AD, five of whom had IgE specific to Malassezia measured by RAST, and five healthy controls. Stimulation with Malassezia resulted in increased levels of IgE in RAST-positive AD patients, but these became significantly increased only if IL-4 was present during the stimulation. Levels of IL-2 and IFN-␥ were significantly higher when PBMC from healthy controls were stimulated, while IL-4 and IL-10 levels in PBMC from RAST-positive AD patients were significantly higher. Kroger et al. concluded that this pattern of IgE and cytokine release might be due to Th2 Malassezia-specific cells in patients who were RAST positive. Therefore, in these patients, Malassezia might act a continuous allergic stimulus by stimulating these Th2 Malassezia-specific cells and IgE production.
To date, most groups have found that levels of Malasseziaspecific IgE do not correlate with the severity of disease, although they have been reported to correlate with levels of total IgE (35, 69, 467, 485) or levels of IgE specific to C. albicans (314, 467) . Therefore, although levels of IgE specific to Malassezia may be elevated in patients with AD, since around 85% of AD patients have increased total levels of IgE in serum (248) , this finding may be a consequence of their general atopic state and not proof of a role for Malassezia in AD.
Hypersensitivity to Malassezia. Two tests that have been widely used clinically to indicate hypersensitivity to allergens The first investigators to implicate Malassezia in AD did so on finding that AD patients, particularly those with lesions localized to the head and neck, had a greater response to Malassezia than to histamine in the SPT (91) . These preliminary findings were expanded when the same group studied 741 patients with various atopic symptoms, carrying out SPT with an aqueous extract of Malassezia (453) . Of the patients with head and neck lesions, 28% reacted to Malassezia, compared with only 6% of patients with generalized AD and 0 to 2% of patients with other manifestations of atopy or urticaria. Other studies that have used the SPT to determine sensitivity to Malassezia have reported similar findings, with increased sensitivity in patients with generalized AD (69, 371, 485) or those with lesions localized to the head and neck (219, 221, 312, 425) . While the findings have been broadly similar, discrepancies in the methods exist. Many studies used a commercially available antigen preparation (69, 219, 221, 312, 371, 485) , while others used in-house antigens (219, 371, 485) . The definitions of positive response also vary. Most have been measured in relation to a histamine control, but the concentrations of histamine used included 1 mg/ml (91), 3 mg/ml (219) and 10 mg/ml (69, 221, 312) . Consequently, direct comparisons between results may not be valid. SPT results were found to correlate with levels of Malassezia-specific IgE (69, 221) , with histamine release assay results (219), or with total IgE levels (69), but not with the severity of disease (221) .
Type I hypersensitivity can also be detected in vitro using the histamine release test. Three studies have used this assay and recorded positive responses to Malassezia in at least 70% of patients with head and neck dermatitis (219, 312, 425 ) and up to 50% of patients with generalized AD (219, 425) . Up to 11% of healthy controls also gave positive responses in one study (49) , but none of them were positive in the two other studies (312, 425) .
Patch tests have been used to detect hypersensitivity in AD patients, although they have been used less frequently than SPTs. One large study included 118 patients with AD and 40 healthy controls, in addition to patients with various other dermatoses (371) . Prior to patch testing with a sonicated extract of Malassezia, skin was scarified with a needle to overcome its barrier function and allow the penetration of antigens. Patch tests, read at 72 h, were positive in 64% of AD patients but only 2.5% of controls. Interestingly, and in contrast to other studies, 53% of patients with PV and 9% of patients with SD were also patch test positive. In another study, including 33 patients with head and neck dermatitis and 22 with generalized AD, much lower patch test positivity to Malassezia was recorded (219) . After 72 h, four patients with head and neck lesions (12%) and three patients with generalized AD (14%) were patch test positive but none of the 19 healthy controls were positive. The most recent study also found that 53% of AD patients were patch test positive to Malassezia after 48 h but that none of the controls or patients with SD were (437) . Patch test results have been found to correlate with levels of Malassezia-specific IgE (437) but not with SPT results (371), total IgE levels, or disease severity (437) .
Therefore, no study using SPTs, patch tests, or histamine release to test reactivity against Malassezia have been able to correlate the results with the severity of AD in patients. Because AD patients may be generally more reactive to a range of allergens, the significance of the preceding results is difficult to assess. Some of the studies did not test antigens other than Malassezia antigens (91, 453) , and so these results may not be specific to Malassezia. However, some groups have tested other common allergens in parallel to Malassezia, including C. albicans, Cladosporium herbarum, Aspergillus fumigatus, Penicillium notatum, and Dermatophagoides pteronyssinus (219, 221, 312, 371) , and found that generally more patients responded to Malassezia than to the other allergens. In addition, reactivity to Malassezia did not always coincide with reactivity to the other allergens, suggesting that in many patients the response to Malassezia is specific and not simply a reflection of their generalized atopic state.
Cellular immune responses. Cellular immune responses to Malassezia in AD patients have been measured using lymphocyte proliferation assays. The first study, by Rokugo et al. (371) , included an unknown number of patients and controls and demonstrated significantly higher stimulation indices in AD patients than in controls (P Ͻ 0.005). Three other studies used a freeze-dried sonicated extract of Malassezia to stimulate PBMC from patients with AD and healthy controls (436) (437) (438) . Comparison of the data from the first two studies suggests that nine of the patients and five of the controls were common to both studies. The stimulation indices were significantly higher in AD patients than in controls (P Ͻ 0.05) (436, 438) . In the most recent study, including 15 patients, only 4 patients had significant stimulation indices and the responses in the control group were not measured (437) . The responses in the AD group were not significantly different from those in a group of eight patients with SD.
Therefore, although lymphocyte proliferation responses in patients with AD in response to Malassezia do seem to be higher than those in healthy controls, only limited numbers of subjects have been studied and so firm conclusions cannot yet be drawn. While many studies have examined cellular immune responses to Malassezia in peripheral blood lymphocytes, very few have studied responses by lesional T lymphocytes. Tengvall Linder et al. (438) derived T-lymphocyte clones from the skin and peripheral blood of a single patient with AD. Th lymphocytes are thought to be important in the pathogenesis of AD, and previous studies have shown that allergen-specific Th lymphocytes are mainly of the Th2 type (producing IL-4 and IL-5) (250, 447) . The T-lymphocyte clones produced from lesional skin were mainly Th lymphocytes (CD4 ϩ ). Cytokine production was measured from freshly isolated PBMC and the Tlymphocyte clones after stimulation nonspecifically with a mitogen or with Malassezia. Mitogenic stimulation of PBMC produced no measurable cytokines, while stimulation with Malassezia resulted in low levels of IL-4, IL-5 and IFN-␥. Mitogenic stimulation of T-lymphocyte clones produced a range of cytokine responses, characterized as Th0, Th1, and Th2. When the T-lymphocyte clones were stimulated with Malassezia, increased production of IL-5 was found but the levels of IL-4 and IFN-␥ were not increased. Therefore, most T-lymphocyte clones from lesional skin had a Th2 or Th2/Th0 cytokine profile, and so the continuous stimulation of T lymphocytes in the skin by Malassezia may be involved in maintaining inflammation in AD. In a subsequent study by the same group (436) , cytokine production by PBMC and T-lymphocyte clones from 6 healthy controls and 11 AD patients was compared. Stimulation of PBMC with Malassezia resulted in significantly higher levels of IL-5 in AD patients than in controls but no differences in the levels of IL-4 or IFN-␥. When Tlymphocyte clones were stimulated with Malassezia, there were no differences in the production of IL-4, IL-5, or IFN-␥ between the two groups. The most recent study of T-lymphocyte clones generated from patients with AD examined T-lymphocyte receptor usage to determine whether Malassezia might act as a superantigen (202) . T-lymphocyte usage did not vary between healthy controls and T-lymphocyte clones from AD patients. The T-lymphocyte receptor usage pattern suggested oligoclonal T-lymphocyte expansion in response to many antigens and so did not support the hypothesis of superantigenic activity by Malassezia.
Studies of AD patients have uniformly demonstrated increased immunological reactivity to Malassezia compared to that in controls. This may be as a result of the impaired barrier function of the patients' skin, but whatever the reason, the response to Malassezia is likely to contribute to the maintenance of the lesions in AD patients.
Lesional infiltrates. The infiltrate present in AD lesions varies depending on whether they are acute or chronic. In acute lesions, the epidermis contains few T lymphocytes while the dermis contains a marked perivascular T-lymphocytic infiltrate (mainly activated memory T cells) with few monocytes or macrophages. In contrast, chronic lesions are characterised by dermal infiltrates consisting mainly of macrophages and an increased number of mast cells and eosinophils (250) .
Patch tests with Malassezia on the skin of patients with AD have demonstrated a correlation between the patch test score and the size of the dermal T-lymphocyte infiltrate at 72 h (437). The infiltrate consisted mainly of Th lymphocytes (CD4 ϩ ). There were significantly more eosinophils at patch test sites in AD patients and increased HLA-DR and ICAM-1 expression at 72 h in patch test-positive AD patients than in patch testnegative patients and healthy controls. Therefore, the application of Malassezia to the skin of AD patients elicited an infiltrate that was characteristic of the disease. Another study also noted the presence of a large T-lymphocyte infiltrate (mainly Th lymphocytes) with significant ICAM-1 expression (438).
Other Superficial Diseases
Malassezia has been associated with a wide range of other superficial diseases, and in many of them, therapy with antifungal agents has proved beneficial (21, 124, 136, 140, 215) . However, few studies have examined the immune response of patients to Malassezia.
Acne vulgaris. One study of 18 patients with severe acne vulgaris and 18 age-and sex-matched controls examined humoral immunity to Malassezia (195) . It reported no differences in the titers of IgG and IgM specific to Malassezia between patients and controls and concluded that if Malassezia contributed to the inflammation present in acne lesions, the humoral immune response was not involved.
Psoriasis. Several studies have examined the responses of psoriasis patients to Malassezia. One of the early studies (375) noted that if dense suspensions of Malassezia were applied to the shaved skin of rabbits, lesions similar to psoriasis resulted. The lesions persisted as long as Malassezia continued to be applied but otherwise resolved within 3 to 4 days. Further work by the same group used patch testing with Malassezia to study the response in 10 patients with psoriasis and 10 controls (259) . All of the patients developed psoriatic lesions when challenged with Malassezia, and biopsy specimens showed features consistent with psoriasis. Therefore, Malassezia was able to elicit psoriasiform lesions in both animals and humans.
Additional support for the role of Malassezia in psoriasis comes from successful use of ketoconazole in patients (374) . Although ketoconazole may act by a direct antifungal mode of action, it has also been shown to suppress Malassezia-induced proliferation of lymphocytes from psoriatic patients (13) , thus reducing the response to antigenic stimulation in lesions.
The first study to characterize the humoral immune response to Malassezia in patients with psoriasis was carried out by Squiquera et al. (417) . This study included 15 patients, of whom 8 had active disease, and 10 healthy controls. SDS-PAGE of Malassezia extracts was performed, and the test sera were immunoblotted. The sera from psoriatic patients bound to a 120-kDa band (11 of 15) and a 100-kDa band (7 of 15), but none of the control sera recognized these bands. Consequently, the authors suggested that antibodies to the 100-and 120-kDa proteins were specific serologic markers for psoriasis. These antibodies were subsequently shown to recognize the N-acetylglucosamine terminals of glycoproteins present in Malassezia (276) . However, both of these proteins are recognized by sera from patients with AD (256, 312) , and so they are not specific markers for psoriasis.
Neutrophils form part of the inflammatory infiltrate in the dermis of psoriatic lesions (90) . A study examining the chemotaxis of neutrophils from psoriatic patients and controls demonstrated that Malassezia induced significantly more chemotaxis in neutrophils from psoriatics than other groups (75) . The effect was specific, since Staphylococcus epidermidis did not affect chemotaxis, and was due to a protein. Psoriatic lesions often develop at sites of trauma (the Koebner phenomenon [294] ), and the increased chemotactic response of neutrophils to Malassezia was suggested to play a role in this event.
Only one study has examined the cellular immune responses to Malassezia in patients with psoriasis (36) . All the psoriatic patients included (n ϭ 13) had lesions on the scalp, with disease durations ranging from 2 months to 20 years. Proliferation of PBMC was seen in response to Malassezia in all of the patients tested. However, since no healthy controls were included in the study, it is not possible to determine whether the responses differed from those of normal individuals. The response of PBMC was due to CD4 ϩ T lymphocytes and required antigen presentation by HLA-DR ϩ cells, and so it was not mitogenic stimulation. T-lymphocyte lines were established from psoriatic and nonpsoriatic patients and were stimulated with Malassezia. Similar patterns of response were obtained whether the patient had psoriasis or not, and the authors concluded that Malassezia-specific T lymphocytes were not involved in psoriasis.
Consequently, the role that Malassezia plays in psoriasis is, as yet, undetermined. Although it may contribute to the inflammation associated with the disease, via complement activation and neutrophil recruitment, convincing evidence that it is of prime importance in the pathogenesis of the disease is still lacking.
Overall, it is difficult to rationalize and explain the wide range of results documented for humoral and cellular immune responses to Malassezia in patients with PV, SD, folliculitis, AD, and other superficial diseases. The use of different techniques, different antigenic preparations, and organisms from different classifications makes comparison of results unreliable and may partly explain the disparity in the findings. However, many of these limitations can now be overcome. The characterization of several antigens from Malassezia and the ability to produce them in vitro should provide a reliable source of defined antigen for use in future immunological studies. The unification of different classifications of Malassezia into one scheme should removed the uncertainty about whether similar strains or species are being studied. Lastly, the finding that, at least in AD, there is significant cross-reactivity between mannans of different yeasts may encourage the use of protein antigens in immunological assays used to define the response specific to Malassezia. Although our understanding of the immune response to Malassezia in superficial diseases has advanced significantly over the last 10 years, there are still many interesting questions awaiting an answer.
Systemic Diseases
Malassezia has widely been reported to cause sometimes fatal fungemia in premature neonates and, less frequently, in immunocompromised adults. Most of the neonates affected, in addition to being premature, had a serious underlying disease, had central or peripheral catheters inserted, and received parenteral nutrition containing lipid emulsions. No studies have examined the immunological responses of these infants to Malassezia. This is mainly due to the ethical considerations of removing blood from the neonates for research studies, when many of them are seriously ill and become hypovolemic as a result of essential blood tests.
The immune system of neonates is immature in many ways, and in children born prematurely, this is further compounded. The immunological deficiencies that occur in neonates are summarized in Table 13 , and it can be seen that most components of the immune system are functionally impaired, numerically reduced, or absent in premature neonates, rendering them susceptible to a wide range of infections.
The use of central and peripheral venous catheters is commonplace in modern medicine. They provide reliable vascular access for administration of fluids, electrolytes, drugs, nutritional support, and hemodynamic monitoring. An unfortunate consequence is that they also provide a portal of entry through which pathogens may enter. Organisms causing catheter-re- lated infections include coagulase-negative stapylococci, Candida species, and other organisms of low virulence (384) . These organisms are "sticky" and so are able to adhere to the plastic of the catheters and colonize them (226, 346) . Some are also able to form biofilms, which help them attach more firmly to the catheters and also protect them against both immunological attack and the action of antimicrobial drugs (157) . The fact that many of the organisms causing catheter-related infections occur on the skin is not coincidental. The cutaneous commensal flora of the patient or health care workers may be the source of the infecting organism (88, 404) . Once colonized, the catheters may serve as a reservoir of infection, constantly reseeding the blood. Therefore, even if the immune system is able to clear the organisms from the blood, the infection may not be resolved until the catheter is removed (348) .
Malassezia is able to adhere to central venous catheters (220, 346) , possibly within a fibrinous mesh (269) . The lipid-rich layer around Malassezia (293) may be important in adhesion in this setting. In most cases, removal of the catheter or cessation of infusion of lipid is all that is required to treat catheterrelated Malassezia infections (261, 341) . Indeed, attempts to sterilize catheters have been ineffective (345) and persistence of organisms in the absence of lipid infusions (105) indicates that the organisms adhering to the catheter may embolize and maintain the infection, unless the catheter is removed.
The use of lipid infusions for parenteral nutrition is therefore a main predisposing factor common to the patients with systemic Malassezia infections (105, 154, 394, 421) . Neonates unable to feed orally due to immaturity or disease often receive nutritional support in the form of intravenous feeding. Lipid emulsions form an integral part of the parenteral nutrition, providing essential fatty acids and a high calorie/fluid volume ratio (182) . However, as well as the problem of infection due to the presence of the central venous catheter delivering the parenteral nutrition, the lipid itself may be detrimental to the neonate. It has long been known that lipid substances, such as oleic acid, cause a blockade of the reticuloendothelial system in laboratory animals (416) . In humans, linoleic acid, present in some of the lipid emulsions, suppresses the generation of reactive oxygen species and decreases phagocytosis by neutrophils in vitro (10, 145) . Additionally, it is interesting to speculate that the high concentrations of lipid in parenteral nutrition might cause thickening or increased adhesiveness of the lipidrich layer around the yeast, thereby facilitating the colonization of catheters by the organism.
The use of lipid emulsions in neonates has been associated with a variety of complications. Reduced clearance of lipid in premature and acutely ill neonates (17, 174) , increased risk of kernicterus in jaundiced neonates (18) , potentially increased risk of coronary vascular disease (238) , altered prostaglandin synthesis and turnover (151) , and deposition of lipid within macrophages leading to altered immunity (227, 329) have all been reported. Additionally, deposition of lipid occurs in the lungs of infants receiving lipid emulsions (40, 102, 251) , which may exacerbate preexisting respiratory problems. Therefore, although parenteral nutrition may be essential in providing adequate nutrition for some neonates, its deleterious effects on the immune and other systems further predisposes the infants to infections. Because Malassezia requires an exogenous source of lipid to grow, the use of lipid emulsions provides it with some of the nutrients it requires. Growth of Malassezia has been demonstrated in lipid emulsions (105, 343) , explaining the finding that it localizes in the lipid deposits within the lungs. Two methods have been proposed to reduce the risk of Malassezia infections during parenteral nutrition in neonates. First, the use of a filter within the catheter has been shown to retain any Malassezia within the lipid emulsion for up to 48 h (368). However, this will be beneficial only if contaminated infusate is the source of the infection. The other method suggested is the use of lipid emulsions containing medium chain triglycerides, which inhibit the growth of some species of Malassezia (327) . While these measures may help prevent some infections with Malassezia, the effects of the lipid emulsions on the immune system will continue to predispose neonates to infection.
CONCLUSIONS
In conclusion, the genus Malassezia is an immunological paradox. In some circumstances, it acts as an adjuvant, activates the complement cascade, and elicits both cellular and humoral immune responses in healthy individuals. In contrast, it also seems to have the ability not only to evade the immune system but actually to suppress the response directed against it. Central to this immunosuppressive phenotype appears to be the high levels of lipids in its cell wall. A tempting but perhaps oversimplistic explanation is that in its commensal role, high levels of lipid downregulate the immune system, but that in its "pathogenic" role, the lipid content of the cell wall may be reduced, allowing greater recognition by the immune system. However, immunological studies of patients with PV or SD do not support this theory. It is known that the structure of the layer varies with different lipid sources (293) and that fatty acids are incorporated directly into cellular lipids without further metabolism (80) . Therefore, at least in theory, there is a mechanism by which the lipid present on the skin surface may directly affect Malassezia, resulting in either an immunosuppressive or immunostimulatory phenotype.
One fact which has emerged from recent studies is the importance of nonspecific immunity to Malassezia. Previous studies concentrating on specific cellular and humoral immune responses have largely been disappointing in defining differences in immunological responses between healthy individuals and patients with Malassezia-associated dermatoses. Perhaps now is the time to go back to basics and begin where the immune response does, with nonspecific immunity, in our quest to understand the immunology of this fascinating organism in both health and disease.
